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v

 Even before biomechanics and biomaterials were recognised as specifi c 
scientifi c fi elds, they were a major concern of the earliest orthopaedic 
surgeons. The basic principles of biomechanics were fi rst approached by 
Wolff in 1892. The design of implants and the selection of biocompatible 
materials became an essential fi eld of research following the pioneering work 
on the fi rst surgical fi xation of fractures by Lambotte and Lane. 

 Since the recognition of these specifi c fi elds, it has become necessary to 
understand the complex multifactorial interaction of the musculoskeletal 
tissues. After the diffi culties encountered in establishing a common language, 
these areas of research grew exponentially and involved many scientifi c 
disciplines. During the 1970s, the fi rst Biomechanics and Biomaterials 
Societies were founded to meet this need. 

 From the study of the passive characteristics of the materials to improve 
mechanical resistance and the neutral biochemical behaviour of the implant, 
they gained an active role in controlling cell and tissue regeneration. 

 Smart implants ensure monitoring of bone healing and interactive 
regulation within biological parameters. Tissue and cell engineering is being 
constantly developed and appears to be a promising tool in the stabilisation of 
the degenerative process and repair of tissue defects. 

 In addition to the constant evolution of implant technology, the 
improvement in the production of allograft and bone substitutes signifi cantly 
expands the armamentarium of the orthopaedic surgeon. The recent 
involvement of nanotechnologies opens up the possibilities of new approaches 
in the development of interactive interfaces of the implant. 

 These fi elds of science represent an essential part of the knowledge and 
experience of today’s orthopaedic surgeons and it has to be mentioned that in 
this publication Dominique Poitout offers an informed contemporary insight 
into this fast expanding domain. In 1987, he achieved this objective by the 
publication of a fi rst handbook “Biomécanique Orthopédique”, which was a 
reference for many practitioners and scientists. 

 Currently, there is a need to summarise and update the advancements in 
the different specifi c topics to further new applications and initiate new 
researches. Dominique Poitout has been able to compile the most prominent 
active researches in the discipline to offer young orthopaedic surgeons a 
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summary of fundamental skills that they will need to apply in their day-to- 
day work, while also updating the knowledge of older surgeons in the most 
advanced fi elds. He has successfully fulfi lled this goal with this book and we 
thank him for this fundamental contribution. 

 Maurice Hinsenkamp, MD, PhD 
Free University of Brussels

Brussels, Belgium                              

Foreword
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      Bone as Biomaterial                     

     Dominique     G.     Poitout     

      Since 30 years surgery has seen striking develop-
ments in the area of biomaterials and it is becom-
ing increasingly necessary for surgeons from 
various specialisms to have an in-depth knowl-
edge of the biomechanical properties of and what 
happens to foreign bodies implanted in the body, 
whether metallic or biological such as bone. 
Industrial researchers have to identify and then 
resolve the mechanical problems which arise 
when using inert (metallic or plastic) or biologi-
cal materials to replace joints, ligaments, or even 
whole bones. 

 Using human or animal grafts (bone, carti-
lage, or ligament) in certain surgical, traumato-
logical, or oncological indications requires a 
combination of various types of knowledge in the 
areas of immunology, biology, and biomechanics 
which are necessary for these allografts or these 
xenografts to be incorporated into the body. 

 Human bone, whether autologous and there-
fore bone-forming, allogenic, and simply bone-
conducting or even animal bone (xenograft), 
behave biomechanically in a progressive fashion 

depending on the extent of the demands placed 
on it, the rate and degree of its revascularization, 
and of the procedures used to preserve and steril-
ize it. Bone substitutes are also currently being 
studied, whether in the area of hydroxya- patites, 
vitroceramics, tricalcium phosphates, corals, or 
even ceramized or heated allografts or xeno-
grafts. Mixed compounds combining a massive 
metallic prosthesis with bone from a bone bank 
surrounding it are composite biomaterials, the 
constituents of which each have their own advan-
tages and disadvantages. 

    Introduction 

 Biomaterials can be defi ned as being “natural or 
synthetic substances, capable of being tolerated 
permanently or temporarily by the human 
body”. 

 Indeed, although initially doctors chose 
mainly precious materials, as dentists still do, the 
development of new materials such as ceramics, 
polyethylene, carbon–carbon composites, or tita-
nium have enabled the fi eld of application which 
used to be limited to joint or dental prostheses to 
be extended to other areas such as ophthalmology 
and cardiology. 

 The use of allografts or xenografts is not 
recent but progress now being made in the areas 
of the sterilization and preservation of these 
products of human or animal origin mean that 

        D.  G.   Poitout ,  MD       
  Faculté de Médecine Nord, 
Sce Chirurgie Orthopédique et Traumatologie , 
 Aix-Marseille Université, Centre Hospitalo-
universitaire Marseille Nord ,   Bld Pierre Dramard, 
Chemin des Bourrely ,  Marseille ,  France   
 e-mail: Dominique.POITOUT@ap-hm.fr  

  1

mailto:Dominique.POITOUT@ap-hm.fr


4

there is fresh interest in the surgical techniques 
which use them. 

 Research in these areas focuses on three 
aspects: 

 First, the study of the mechanical, physical, 
and chemical behavior of the material in its 
biological environment, i.e., its resistance to 
fatigue, wear, its elasticity, its resistance to 
corrosion, its biomechanical behavior, and its 
possible incorporation into the structures of the 
human body. 

 Then the study of its biocompatibility, in 
particular the analysis and identifi cation of the 
reactions which occur at the interface between 
the material and the live tissue (for example, at 
the interface between the receiving bone and the 
prosthesis or the graft which has been introduced). 

 The biochemical growth factors, the role of 
certain enzymes in the breakdown of the materials 
used, the problems inherent to rejection or even 
immunological phenomena in relation to the 
destruction of an implanted graft are currently 
the subjects of a great deal of research. 

 Finally, it is necessary to choose a method 
which makes it possible to decide on a product 
which can be implanted in the body and which is 
also relatively easy to manufacture industrially 
or, where bone is concerned, preserved and 
distributed under ideal sterile conditions and the 
biomechanical behavior of which is compatible 
with restoring satisfactory and long-lasting joint 
function.  

    The Materials Used in Orthopedics 

 In the fi eld of biomaterials, research has to follow 
two different but complementary paths: 

 On the one hand the characteristics and 
performance alone of the material have to be 
studied in accordance with its role in the body, 

 On the other, its biocompatibility has to be 
studied. 

 The biomaterials used in orthopedic surgery 
have developed a great deal in recent years. We 
now have a better understanding of the advan-
tages they bring and their limitations. We know 
that steels corrode (vitallium) and that 

 cobalt- chromium alloys wear. The complica-
tions connected with intolerance to the debris 
of metallic wear have meant that metal–metal 
prostheses are no longer used. The combina-
tion of metal and polyethylene also produces 
wear debris which plays a decisive role in the 
physiopathology of the loosening of prosthe-
ses, and the ceramic–ceramic joint may become 
blocked if the slightest particle enters the 
interface. 

 Plastics, such as polyethylene, which cover 
the sliding surfaces of many joint prostheses, 
become deformed, creep, and break down, 
tending to limit the life of these prostheses. 

 Cements, made of methyl methacrylate, which 
are used to fi x some joint prostheses in the bone, 
have a high polymerization temperature if they 
are used in large quantities (over 70 °C), and for 
this reason cause bone necrosis (proteins congeal 
at 54 °C). The salting-out product may be toxic to 
the heart and when fi rst used caused peroperative 
cardiac arrest from which the patients did not 
recover. 

 In 10 % of cases allografts produce 
considerable immune reactions and are only 
slowly and incompletely assimilated by the 
skeleton. Bone substitutes are not necessarily 
successful in mechanical terms and at present can 
only be used to a limited extent. 

 Many materials have disappeared completely 
from our arsenal of therapeutic options and we 
may well ask ourselves what can be used in future 
to replace the biomaterials used at present. 

    Biodegradable Materials 

 The need to remove an osteosynthesis product 
which was implanted a few months or years 
earlier is inconvenient; it means that the patient 
has to be hospitalized and operated on again and 
leads to a search for products based on amino 
acid-based polymers which would break down 
and disappear spontaneously in the body within a 
few years. 

 Compounds made of polyglycolic or polylactic 
acid are currently used in the form of suture 
materials or parietal reinforcing plates and 
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produce reasonable results. Their mechanical 
strength and life have to be improved and the way 
they are implanted into the body has to be 
specifi ed. However, as from now, there is hope 
that in future they will replace the metallic 
materials currently used for osteosynthesis.  

    Bone Replacement Materials 

 Bone grafts currently have a major role. 

    Autografts 
 Autografts (bone graft taken directly from the 
patient) cannot be used to replace large segments 
of bone or an osteocartilaginous segment forming 
part of a joint. Being bone-forming, they alone 
can induce the formation of new bone and help in 
the healing of a fracture or the assimilation of an 
allograft.  

    Allografts 
 Since 1979 we have turned our attention to 
Marseilles, to preservation in tissue banks of 
allogenic bone fragments (bone graft taken from 
another person) stored in liquid nitrogen at 
−196 °C with cryopreservatives. 

 Currently used in traumatology or in oncol-
ogy, these allografts make it possible to recon-
struct a bone segment which has been destroyed 
by a tumor or an accident. These allografts are 
well tolerated by the body and only in excep-
tional cases (10 % of cases) do immunological 
rejection phenomena occur. They can therefore 
be used easily in anybody requiring this type of 
operation.  

    Xenografts 
 Xenografts were used several decades ago by 
French teams (Judet-Sichard). The large number 
of rejection phenomena experienced with them 
(more than 50 %) led to people refusing to use 
them. Because of the current shortage of human 
grafts, new attempts using different sterilization, 
preparation, or treatment techniques 
(lyophilization, ceramization, irradiation, 
heating) try to mitigate the inadequacies of this 
type of graft.  

    Bone Substitutes 
 Derivatives of artifi cial hydroxyapatite (a 
combination of hydroxyapatite-collagen, 
hydroxyapatite cement, corals or madrepores, 
vitroceramics or bioglasses) are undergoing 
in-depth mechanical and experimental studies to 
see how well they are tolerated in-situ and how 
they can be used. Even if some bone substitutes 
really are “colonized” by the bone of the host, 
their mechanical properties are still inadequate 
and mean that large fragments cannot be used in 
human clinical medicine. Furthermore, these 
structures, which are uniquely bone-conducting, 
do not form new bone, and tend to break down 
rapidly.   

    Joint Replacement Materials 

 There are a great number of plastics including 
polyethylenes with mechanical properties which 
allow them to be used in human clinical medicine. 
Various treatments (irradiation of the grafts or the 
addition of other compounds, for example) are 
being used in an attempt to improve their 
properties and to prolong their life in the body. 

 Alumina ceramics have been used for more 
than 15 years and their mechanical properties are 
well known. As the manufacturing processes are 
now very well established, it is possible that this 
material has the best coeffi cient of friction and 
produces the least wear debris in the body. 

 Zirconia ceramics are currently being 
investigated. They are less hard than alumina 
ceramics, they are easier to shape, are extremely 
strong but in some cases can break. Biological 
tolerance studies are currently being carried out 
and their biomechanical behavior in use is being 
characterized. 

 Silicon carbides could be used as friction 
surfaces for joint prostheses because they seem to 
be well tolerated, as the experimental implants 
have shown, but their long-term fate is not yet 
completely understood. 

 The use of massive cartilaginous allografts is 
being proposed more and more frequently by 
some international teams producing surprisingly 
good clinical results. The assimilation of these 
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cartilaginous allografts is excellent as cartilage 
cells do not need vascularization to survive. They 
are sustained only by the components of synovial 
fl uid. However, in order for the mechanical 
behavior of the graft to be adequate for the 
purpose, it is necessary for the cells contained in 
the cartilage, which ensure its trophicity in 
relation to the hydrophilia of the proteoglycans, 
to be protected during the freezing phase. Hence 
the advantages of using a cryopreservative when 
the temperature drops and the option of using 
secondary sterilization by heat, gas, or irradiation 
is absent. This has to be particularly rigorous 
when grafts are being taken and osteocartilaginous 
fragments are being stored so that the graft is 
defi nitely entirely sterile.  

    Capsuloligament and Joint 
Replacement Materials 

 The frequency with which tendons and ligaments 
tear directs world research towards these areas. 
Artifi cial ligaments are used more and more 
frequently in clinical practice but their long-term 
fate is unclear. 

 Carbon fi bers sheathed in polylactic or 
polyglycolic acid, polyamide fi bers, or high- 
density polyethylene threads are currently being 
tested for fatigue but they are already used in 
human surgery. Dacron or Tefl on ligaments have 
not given good mechanical results in the medium 
term and have led to infl ammation. 

 Preserving human ligaments in tissue banks is 
also an avenue of research which appears to be 
promising but comes up against the problem of 
how tissue banks obtain their supplies and of the 
mechanical behavior of the grafted ligaments 
while they are being revascularized.   

    Mineral Structure of Bone 

 Approximately 70 % of mature bone is made up 
of an inorganic substance: calcium phosphate, 
and 30 % of an organic matrix, the main 
component of which is a fi brous protein: collagen. 

 The exact nature of this mineral phase, which 
has been studied mainly by X-ray diffraction, 

remains unclear. Furthermore, it appears to be an 
established fact that the nature of this phase 
varies as the bone ages. 

 Several main components are frequently 
suggested:

   brushite: CaHPO 4 ·2H 2 O  
  octacalcium phosphate: Ca 8 H 2 (PO 4 ) 6 ·5H 2 O  
  amorphous tricalcium phosphate: Ca 3 (PO 4 ) 2   
  apatite, classically hydroxyapatite: 

Ca 10 (PO 4 ) 6 (OH) 2    

The crystallites of bone apatite are small and 
often carry impurities.  PO4

3-

  , Ca 2+ , and hydroxy-
apatite hydroxide are replaced by carbonate, 
Mg 2 , and fl uoride respectively. Compared with 
mineral hydroxyapatite, these imperfect crystals 
are more soluble and easily dissolved during 
resorption in the acid environment of the brush 
border of the osteoclastic cells. 

 The smallest unit of crystalline structure of the 
apatites contains 18 ions and it appears probable 
that such a complex structure is formed de novo 
from ions in solution. Progression through 
simpler forms has been demonstrated in vitro. 
However, these forms are unstable and diffi cult to 
demonstrate in vivo. The fl uid environments of 
the body are said to be metastable in terms of 
their calcium and inorganic phosphate 
concentration. More precisely, that this 
concentration is below that of the concentration 
necessary for spontaneous precipitation but well 
above the concentration needed for the growth of 
the crystal if apatite crystals are present in the 
solution. 

 This therefore leads us to consider two very 
different phenomena:

   the initiation of mineralization or “nucleation”, 
the growth of the fi rst crystals formed.    

    Progression of Mineralization 

 It has been demonstrated in vivo that more than 
90 % of mineralization takes place normally by 
the growth of pre-existing crystals. As far as the 
growth of the mineral phase is concerned, the 
problem here is how to control it. Indeed, once 
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mineralization has started in a metastable 
environment, it should continue until all the ions 
are used up. If this were the case, we would all be 
turned into a pillar of salt like Lot’s wife. Mineral 
growth is therefore tightly controlled and 
regulated. Three factors play an important role: 
collagen, certain non-collagenic proteins, and 
proteoglycan. 

    Collagen 
 Initially considered to assist in nucleation, bone 
collagen essentially of type I helps in the 
formation of apatite in vitro and in particular 
organizes crystallization. The crystals are 
deposited parallel to the axis of the collagen 
fi brils and denaturing of the collagen disturbs this 
precipitation. Therefore, although in vivo studies 
tend to call into question the role of collagen in 
nucleation, it has an essential organizing role 
during the growth of the crystals.  

    Non-collagenic Proteins 
 Several non-collagenic proteins have been 
extracted from different calcifi ed matrices. Two 
large groups have to be distinguished; the 
phosphoproteins and the GLA proteins (or 
proteins carrying gammacarboxyglutamic acid). 
The phosphoproteins have been isolated from 
bone, dentine, enamel, and calcifi ed cartilage. 
Some phosphoproteins are more closely bound to 
collagen. Various roles have been suggested: 
orientation of the crystals, the control of their 
shape and size, or even a support role in particular 
in tissues which do not contain collagen, such as 
enamel. Osteonectin, a phosphorylated 
glycoprotein specifi c to bone tissue, is thought to 
help in binding calcium to collagen. 

 GLA proteins have been suggested as being 
the agent which regulates mineral growth but 
their role is still unclear and controversial. Their 
interest lies particularly in the possibility that a 
radioimmunological assay could be carried out 
on the serum, which would be a reliable and 
sensitive marker of bone remodeling activity.  

    Proteoglycans 
 These consist of a central protein of hyaluronic 
acid and of carbohydrate chains formed from the 
repetition of sulfated disaccharide units. Essential 

components of cartilage, proteoglycans have also 
been isolated from mineralized tissues. 

 Proteoglycans of bone are thought to be 
smaller and immunologically specifi c. It has been 
suggested that they play a role in calcifi cation on 
account of the fact that there is a lower level of 
these in calcifi ed tissues than in non-calcifi ed 
tissues. Furthermore, in epiphyseal cartilage, the 
proteoglycans are thought to become smaller and 
fewer in number close to the calcifi cation front. 
Moreover, proteoglycan aggregates inhibit the 
formation of apatite. The idea that proteoglycans 
indispensable to nucleation are transformed has 
therefore also been suggested. However 
Blumenthal has shown that the subunits, like the 
aggregates, inhibit mineralization. Poole et al., 
using immunofl uorescence techniques, challenge 
the classical ideas of proteoglycans being reduced 
during endochondral ossifi cation. In their view 
proteoglycans continue unchanged when 
mineralization starts and are only modifi ed 
during immature primary bone modeling.    

    Bone Remodeling 

 Bone resorption and formation take place in a 
perfectly organized manner. The phenomena are 
most stereotypical in cortical bone. In old bone, 
and under infl uences which are currently little 
understood but which are certainly biochemical 
in nature, a population of osteoclasts appears 
which hollows out a resorption cavity which 
grows 7–9 microns a day up to a diameter 
comparable to that of a haversian osteon, and in 
particular advances into the bone, in a direction 
determined in particular by the mechanical 
constraints at a rate of 40–60 microns per day, 
thus producing a tunnel-like structure. After an 
intermediate phase (reversal phase), the 
osteoblasts appear on the walls of the cavity 
which initially deposit 8–10 lamellae of osteoid 
tissue and then, owing in particular to the 
osteoblastic alkaline phosphatases, cause the 
mineralization of this osteoid. Approximately 
10 % of the osteoblasts remain in the bone tissue 
formed in this way and, when they mature they 
become osteocytes, reunited with each other and 
communicating with the cells remaining on the 
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surface of the residual canal by prolongations 
using a rich and anastomotic canalicular system. 
The end structure created in this way is the 
haversian osteon. 

 The resorption phase lasts approximately 
three weeks, the formation phenomena are 
spread over three months. In the trabeculae of 
the spongy bone the phenomena are the same 
but their spatial layout is different. Osteoclastic 
resorption takes places and advances on the sur-
face of the bony trabeculae, forming Howship’s 
lacuna, subsequently covered, there too, with 
osteoblasts transforming and then mineralizing 
the osteoid tissue. In this system, described by 
Frost, the site being remodeled is called the 
“basic multicellar unit” (BMU) and the cells 
which form it are called the “basic structural 
unit” (BSU), the end result of this remodeling is 
the haversian osteon. 

 Any pathological condition of the bone, and in 
particular diffuse conditions affecting the 
skeleton, is the result of an anomaly, varying in 
nature, of remodeling and of its elementary 
phenomena, with resorption always preceding its 
formation except in very specifi c cases (early 
stages of bony callus or ossifi cations of the soft 
tissues for example).  

    Morphology and Bone Mechanics 
in Hypodynamia 

 During its development each bone acquires a 
shape and a mass which is determined genetically 
in such a way that it has suffi cient mechanical 
competence to perform the usual human 
activities. This acquisition requires the bone to be 
put into control, which allows it to be modeled 
during growth, followed by permanent 
remodeling throughout life. Physical activity 
therefore has a vital role to play in obtaining and 
then maintaining suffi cient bone mass. A 
sedentary person will have a weaker bone mass 
and will be more likely to suffer fractures when 
making unaccustomed efforts. On the other hand, 
people who have been practicing a sport or an 
intense physical activity for a long time will have 
a higher bone mass or bone density than average 

(weight lifters, ballet dancers, tennis players) and 
may even thus be able to compensate for a diet 
which is extremely low in calcium, as is the case 
in some Equatorial areas. 

 The osteogenic stimulus therefore has a per-
manent effect on the bone, which continually 
adapts to this stimulus. Trabeculae of bone in 
children organize themselves in line with 
increasing functional activity, adopting an 
orthogonal arrangement according to the main 
force lines. This arrangement gives the system 
maximum strength with minimum bone tissue. 
On the other hand, cortical bone does not have 
the same mechanical requirements and its 
structural objectives are also different. There 
does not appear to be any clear relationship 
between the usual structure of the compact 
bones and the forces to which they are regu-
larly subjected, but the ability of the bone cor-
tices to react to a high local force is still 
possible (the end of a hip prosthesis, for exam-
ple). Functional adaptation therefore affects 
the shape and mass of the bone from a basic 
level determined genetically, to a structurally 
adequate level. Nevertheless, each bone adapts 
itself independently; it is therefore the bone 
overall which adapts itself to the mechanical 
forces rather than specifi c tissue structures. 
The cell population of a bone is therefore able 
to assess the forces exerted on this bone. 

 Not only is the adaptation of the bone sensi-
tive to the intensity and distribution of the force 
exerted, but in particular to the variations in this 
force. Static forces therefore appear only to have 
a moderate effect on bone remodeling and if they 
increase excessively, this can have a paradoxically 
negative effect. 

 It also seems that four daily compression 
cycles are suffi cient to counterbalance the effect 
of immobilization, and that 36 daily cycles allow 
the maximum effect to be obtained. 

 Hypodynamia has a rapid and negative effect 
on the bone formed: the absence of forces exerted 
no longer allows the bone to adapt itself 
permanently, and opens the fi eld to various 
biochemical and hormonal infl uences, of which 
adequate physical activity is the necessary 
counterpart. It has an identical effect on the 
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growing bone, which without adequate 
stimulation does not acquire the architecture or 
reach the bone mass critical for it to be compatible 
with normal functional activity (the sequelae of 
poliomyelitis, for example). 

    Epiphyseal Cartilage 

 Continuous axial compression slows down the 
growth of connecting cartilage. The clinical 
applications (epiphyseal agraffi ng when the 
length of the lower limbs is unequal) are evidence 
of this. 

 Increased axial compression leads not only to 
a resumption of the activity of the epiphyseal car-
tilage but to an even more rapid rate of growth 
than normal. (Bonnel’s experience, growth spurts 
observed in children confi ned to bed). This 
hypothesis explains the apparently contradictory 
results for stresses on fl exion. During the day, 
when under pressure, the part of the epiphyseal 
cartilage subjected to compression in the resolu-
tion of a stress on fl exion grows at a reduced rate. 
At night, or when not under pressure, the growth 
rate of this same part is accelerated. The sum of 
these two phenomena is thought to have a posi-
tive effect on growth with, in all, a more rapid 
rate of growth than for the part of the cartilage 
subjected to traction, still in the context of 
fl exion. 

 These considerations apply, of course, to 
stresses greater than those physiologically 
endured by epiphyseal cartilage but less than 
the pathological stresses for maintaining the 
biological competence of this cartilage. The 
effects observed combine to produce a biologi-
cally healthy epiphyseal cartilage.  

    Articular Surfaces and Friction 

 The types of friction of the articular surfaces can 
be of the limited type (or Coulomb’s type) or of 
the viscous type. In the limited type, for a light 
load and a slow rate, friction occurs via a 
substance with remarkable sliding properties, 
absorbed in the articular surfaces. 

 In the viscous type, for a heavy load and a 
rapid rate, a continuous liquid fi lm permanently 
separates the two articular surfaces. The thickness 
of this fi lm depends on the stresses which are 
exerted normally on the surfaces and the rate at 
which they move in relation to each other. 

 These two types of friction occur in human 
joints. They were demonstrated experimentally 
by studying the way in which the oscillations of a 
pendulum decrease when attached to a joint: a 
linear decrease in the case of limited friction, an 
exponential decrease in the case of viscous 
friction.  

    Lubrication and Pathology 

 The synovial fl uid of joints affected by rheumatoid 
arthritis has proved to be a slightly less-effective 
lubricant than normal fl uid. The fl uid taken from 
arthrosed joints is thought to be better, almost as 
good as normal fl uid. In the opinion of Little 
et al. (1969), there is no signifi cant difference 
between the coeffi cients of friction of normal 
hips and those of joints manifesting fi brillation 
phenomena. There is no evidence to date to 
suggest that a lubrication disorder is at the root of 
degenerative phenomena observed in clinical 
practice.   

    Finally: Tomorrow, Will Man 
Be Artifi cial? 

 If advances in technology continue at the current 
rate, it may be that many materials used today 
will be abandoned in years to come, but that, on 
the other hand, new products will appear on 
which the arthroplasties of the year 2000 will be 
based. 

 The reconstitution of joint cartilage by 
collagen, osteocartilaginous allografts, or 
artifi cial substances will allow huge strides to be 
made in the treatment of arthroses, the number of 
which increases as people live longer. 

 Methods of fi xation for joint prostheses – bio-
logical fi xation, new cements, so-called “intelli-
gent” materials (nitinol and monocrystalline 
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aluminas), or even bone grafts sheathing a metal-
lic prosthesis – will enable the prosthesis to be 
better tolerated by the body. However, no-one can 
predict how this area will develop as chemists 
and metallurgists will without a doubt discover 
some new materials which will turn the future of 
the science upside down. 

 Artifi cial organs are now part of the usual 
arsenal of medical solutions. But can we expect 
to see an artifi cial man tomorrow? The list of 
artifi cial organs which are currently available or 
are being created is so long that it is becoming 
increasingly diffi cult to draw up a comprehensive 
list of them. Artifi cial skin is currently being 
developed for very severe burns. Cell cultures of 
osteoblasts or chondrocytes could, in the near 
future, cover bone substitutes or recolonize them. 

 However, all these artifi cial organs are expen-
sive. The cost of the worldwide use of artifi cial kid-
neys or renal dialysis, for example, is several billion 
dollars (and in the case of France alone, 1 % of the 
social security budget). It can well be imagined that 
the cost of creating very complex prostheses which 
can be used by only a small number of people could 
well be prohibitive, particularly for the most 
severely affected patients or the elderly who have 
relatively limited life expectancy. 

 Is it preferable to use grafts or artifi cial 
organs? In some cases it would be preferable to 

use prostheses and in others grafts. It would seem 
that the graft is the fi nal element which would 
make it possible to save the patient, the prosthesis 
only allows him to wait until his graft can be 
implanted. 

 Combinations of prosthetic materials and 
biological materials are now used more and 
more frequently, whether it is a bone graft 
sheathing a prosthesis, or artifi cial skin made of 
human cells and cultured, or even live pancre-
atic cells developing within a synthetic 
structure. 

 In truth, it is worrying to think how far it could 
go, and whether one day it would be possible to 
create a wholly artifi cial man or carry out a 
succession of grafts aiming to replace the various 
components of the human body. For the moment 
it is still impossible to replace live organs with 
artifi cial organs which are as reliable, and in 
particular have the same capacity of self-repair as 
scar formation. Furthermore, their incorporation 
will without a doubt pose problems in the long 
term. 

 Nevertheless, the progress we are constantly 
making in the development of biocompatible 
implantable products – ever smaller circuits, ever 
more powerful software, and in particular live 
grafts assimilating perfectly into the body in 
which they are placed – give us real hope.      
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      The great advances in orthopedic surgery over the 
past few decades and the fact that it constantly 
out-performs itself are the result of a policy of 
rigor in various areas. 

 Rigor in the training of the surgeons in this 
discipline, which demands a long period of train-
ing in specialist departments. 

 Rigor in performing operating techniques 
as a result of which hazardous improvisation is 
excluded. 

 Rigor in the choice of materials, the use of 
which has opened up the way to progress but the 
quality of which determines the results. 

 Precision and reliability are therefore the key 
words of the orthopedic surgeon who is prepar-
ing and executing an osteotomy in the same way 
as an engineer approaches the bridges and road 
surfaces for the arch of a bridge. He needs a good 
knowledge of the laws of physics and of the rules 
of mechanics, but he also has to be able to apply 
this knowledge to living matter. 

 I also believe it to be important to stress that 
orthopedists are clinicians and care for patients 
and that, if clinical practices develop in a 

 direction which is not in line with their wishes, 
even though the theory and the calculations are 
accurate, we should not try to understand how 
this should work but why it does not work. 
Indeed, there are so many parameters involved in 
human clinical medicine that it is often diffi cult, 
when trying to describe a movement or defi ne the 
stresses on a particular material, to take all the 
normal physiological parameters into account. 

    Behavior of Biomaterials in Situ 

 Although the functional aspects of implanted 
materials can be anticipated fairly reliably, it is 
very often diffi cult to anticipate how well they 
will be tolerated clinically. For materials of any 
kind there are two aspects which have to be taken 
into account. They are:

   on the one hand the  adhesion  between a biomate-
rial and the part of the human body with which 
it will be in contact,  

  on the other, the  aging  of the product implanted.   

 Adhesion  involves all the problems of using 
cements and adhesives, the role of which is to 
transmit and distribute the stresses over the larg-
est area of contact possible. This adhesion prob-
lem is far from being resolved satisfactorily from 
the practical point of view and there is still plenty 
of scope for the researchers to investigate. Should 
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a prosthesis be cemented, screwed, or introduced 
with force, hoping that its irregular surface will 
allow the bone to grow again and for the pros-
thesis to be fi xed into the bone? More and more 
surgeons are currently abandoning these latter 
methods because of the frequency of painful 
failed fi xations requiring surgery to be repeated 
(6–8 % on average after 12 months). Cement has 
its drawbacks but according to the current state of 
knowledge seems to be the best compromise for 
fi xing material into bone. 

  Aging . As soon as it has been implanted in the 
body, the biomaterial fi nds itself in an environ-
ment which is more aggressive than sea water, not 
least on account of its higher temperature and its 
sodium chloride content. Furthermore, there are 
also the variations in pH which may lead to a rapid 
breakdown of plastics and may accelerate_metal 
corrosion. 

 I would like to dwell on this problem of metal 
corrosion for a few moments. Some metallic 
materials are very resistant to generalized cor-
rosion. This is the case for Vitallium, stainless 
steels, or alloys based on titanium, but they are 
still vulnerable to corrosion if pitted, the risk of 
which increases with contact friction which leads 
to breaks in the protective passive layer. It is also 
necessary to take into account the simultaneous 
action of the corrosive environment on the pros-
theses and the mechanical stresses to which they 
are subjected. This results in the risk of corrosion 
under stress, and corrosion due to fatigue which 
can lead to the appearance of weak points with 
the risk of breakage. Another well- known case of 
corrosion is galvanic corrosion caused by placing 
two different metals in contact with each other 
in a conducting liquid which then behave like an 
electric battery. 

 When there is corrosion, metal ions pass into 
the body. Therefore, some studies have shown 
that for austenitic stainless steel osteosynthesis 
plates, 9.1 mg of the alloy passed into the body 
2 years after having been implanted. That is to 
say that there is a release of iron, nickel, and 
chromium in an equal proportion to that of the 
composition of the alloy. For example, in an indi-
vidual who had had intramedullary pinning of the 
tibia, after 18 years he was found to have a nickel 
concentration in his serum, urine, hair, and nails 

which was up to 18 times the normal concentra-
tion, almost the same level as is found in workers 
in the nickel industry. 

 More generally, the implantation of foreign 
material, and particularly a metallic material, 
always has consequences for the surrounding 
biological environment. It was even possible to 
demonstrate a transformation of the proteins left 
in contact with nickel, in particular by electron 
transfer at the metal–electrolyte interface. 

 The problems listed above therefore require 
the practitioner to know the mechanical and 
chemical properties of the materials to be 
implanted without, of course, forgetting the 
sterilization conditions which can alter certain 
materials (such as gamma rays on plastics, eth-
ylene dioxide absorbed by certain materials then 
released producing toxic reactions). 

 If the surgeon cannot check all the properties 
of the material he uses by appropriate tests, he 
has to rely on the manufacturer’s literature to 
make his choice. But if he knows the properties 
that he can expect for a given application, the dia-
log will be more to the point. 

 That is the current direction in the area of 
French orthopedics.  

    Biomaterials Used in Orthopedics 

 As it would be excessive to give an exhaustive 
list of all the biomaterials used in orthopedics, we 
will only take a few examples from each of the 
fi ve main classes of orthopedic biomaterials;

   metals and metal alloys,  
  ceramics and ceramo-metallic materials,  
  bone replacement materials and allografts  
  carbon materials and composites, polymers.     

    Metal Alloys and Metals 

 First, where steels are concerned, the introduc-
tion of alloys leads to a spectacular improvement 
in oxidation. Molybdenum plays an essential role 
in resistance to corrosion caused by pitting. 

 Chromium also plays an essential role from 
the point of view of corrosion. Indeed, exposed to 
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the air or to an oxidizing environment, chromium 
allows a very thin, invisible fi lm of chromium 
oxide to form – this is called the passivation 
phenomenon. A minimum chromium content 
of 12 % is necessary to give steel its stainless 
properties. 

 Other elements can be added; this is true for 
nickel which, when in a proportion of 10–14 %, 
makes it possible to obtain an improvement 
in mechanical performance without leading to 
brittleness. 

 Steel with a high carbon content is therefore 
suitable for temporary surgical implants (osteo-
synthesis plates, intramedullary nails) because of 
its malleability and its stainless properties. But 
its poor prolonged resistance to corrosion means 
that it has to be removed after a few years. 

 Alloys based on cobalt–chromium are shaped 
by microfusion or casting, which is less good 
mechanically, and only very rarely has it been 
possible to make forgeable alloys, owing to con-
siderable additions of molybdenum, tungsten, 
and nickel. 

 Although these materials have a resistance 
to corrosion and a breaking load which is better 
than stainless steel, their elastic limit is very close 
to the breaking load, which prevents any possibil-
ity of permanent deformation. And, as their resis-
tance to fatigue is low, a signifi cant breakage rate 
has been seen for femoral implants. 

 Their modulus of elasticity is high, at around 
200,000 MPa, which poses the same problems as 
when using stainless steels (the modulus of elas-
ticity of a bone being less than 20,000 MPAI). Due 
to their great hardness, alloys based on chromium 
and cobalt are the best compromise to date for 
making prosthetic femoral heads. 

 Titanium alloys have high resistance to all 
forms of corrosion and have good mechanical 
properties. Their modulus of elasticity is low, 
110,000 MPa, which is half that of other alloys 
such as stainless steels. They have excellent bio-
compatibility, a high breaking load, and an elas-
tic limit close to that of the breaking load, which 
eliminates any problems of permanent deforma-
tion in the case of high stresses, but also limits 
their use as a material in osteosynthesis. Owing 
to the passivation phenomenon, titanium cov-
ers itself spontaneously with a protective fi lm 

of  titanium oxide which renders it remarkably 
resistant to corrosion. This can be increased even 
further by the chemical process of anodization. 
There is one negative element that should be 
emphasized which is that titanium alloys have 
poor friction properties in that it is not possible 
to use them as prosthetic femoral heads or in the 
axis of a hinged prosthesis. Current trials, aiming 
to improve the friction characteristics by laying 
down deposits of titanium nitride or carbide, have 
not been very successful because these deposits 
are irregular and thin so that the layers abrade 
after a few thousand cycles. 

 Hydrogen or nitrogen ion inclusion techniques 
are still at the experimental stage. 

 Finally, the alloy most frequently used cur-
rently is an alloy containing a combination of 
aluminum and vanadium; Ti 6 AP 4 V, which has 
properties clearly superior to those of nickel–
chromium–cobalt alloys. This is certainly the 
best solution today for all diaphyseal implants, 
particularly femoral hip implant which is sub-
jected to high mechanical stresses. 

 Other metallic biomaterials could, in future, 
be useful in orthopedics; more specifi cally zirco-
nium, tantalem, and nobium, all three of which 
display excellent biotolerance. However, prog-
ress still has to be made with alloys before they 
can rival titanium alloys.  

    Ceramics and Ceramic–Metal 
Compounds 

 Ever since man discovered that fi re can modify 
the properties of clay (hydrated aluminum sili-
cate), ceramics have never stopped developing. 
New ceramics have been developed and these 
materials take various forms:

   oxides: aluminum oxide (Al 2 O 3 ), zirconium 
oxide (ZrO 2 ),  

  carbides: silicon carbide (SiC),  
  nitrides, bromides, and fl uorides.    

 The science of ceramics has also meant that 
new textures can be created such as ceramic com-
posites with various fi bers combining metals and 
ceramics, which are called ceramic–metals or 
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even cermets. There are also controlled crystal-
lization glasses called vitroceramics. 

    The New Ceramics 

 Sintered oxides are either pure oxides such as 
alumina or mixtures of oxides. When high-purity 
alumina is used in the medical fi eld, the specifi ca-
tion is extremely precise. Alumina is a hydrophilic 
material (unlike polyethylene which is hydropho-
bic), it is very hard, slightly less so than diamond 
(which is, moreover, used to grind and polish it), 
and its modulus of elasticity is 380,088 MPa, 
which is practically twice that of the metal alloys. 
Its resistance to fl exion, however, is low, which 
limits the indications in which it can be used as 
an osteosynthesis rod or plate. When alumina 
was fi rst used as a prosthetic hip compound, there 
were many failures of the femoral head when used 
with an acetabulum also made of alumina. 

 The two pieces machined for each other:

   tended to jam if the slightest particle of wear 
debris came between them.  

  produced very little wear debris, certainly, but as 
these were crystals they led to synovial reac-
tions comparable to microcrystalline arthritis.  

  prevented any isolated change in one of the pieces 
of the prosthesis if only one became damaged.    

 The existence of a high modulus of elasticity, 
far higher than that of methyl methacrylate and 
that of cortical bone, led to problems when sealing 
an alumina acetabulum with methyl methacrylate 
because unsealing occurred more frequently and 
usually occurred between the cement and the ace-
tabulum and not between the bone and cement, 
as is normally the case. On the other hand, if the 
alumina acetabulum is directly screwed into the 
bone, the quality of the fi xation is exceptional 
and the mobility of the implant normal because 
of the almost inevitable appearance of a fi lm of 
fi brous tissue between the implant and the bone. 
The use of alumina currently, therefore, seems 
to be restricted to femoral heads and sliding sur-
faces in contact with polyethylene. 

 Zirconia (ZrO 2 ) also has excellent mechani-
cal properties, in particular fl exion, together with 

satisfactory resistance to wear and friction, but in 
some cases it breaks! We hope that zirconias sta-
bilized by yttrium oxide (Y 2 O 3 ) and by alumina 
(R 12 O 3 ) will be used routinely as friction compo-
nents in total prostheses of the hip. 

 Carbides and Nitrides: These new materials 
include silicon carbide, which appears to have 
greater resistance to fl exion than alumina as well 
as a higher modulus of elasticity, but its coeffi -
cient of friction is lower than that of alumina.  

    Ceramic–Ceramic and Ceramic–Metal 
Compounds 

 Fiber composites are a compromise between a 
deformable solid (for example, carbon fi bers or 
alumina fi bers) and a matrix which resists defor-
mation (such as alumina or silicon carbide). To 
date, the fi rst experiments with mixtures of alu-
minum oxide and iron have not produced useful 
results for improving the properties of the mate-
rial. On the other hand, other combinations with 
molybdenum and its carbide, with tungsten and 
its carbide, or with titanium combined with zir-
conium oxide, seem to improve the resilience and 
toughness of the material considerably.  

    Glass and Vitroceramics 

 The mechanical strength of some glasses can 
be greatly improved by being transformed into 
vitroceramics. Direct anchoring, as for conven-
tional ceramics, can, together with glasses and 
the vitroceramics, be performed by mechanical 
or chemical processes. In the case of vitroceram-
ics anchored mechanically the dimensions of the 
interconnections between the pores are suffi -
ciently large to allow colonization by bone tissue. 
Unfortunately, the mechanical properties of these 
vitroceramics are relatively poor. Resistance to 
breakage on fl exion remains around 20 MPa, 
which is far too low for use in internal prostheses. 

 It seems that glasses and vitroceramics 
anchored chemically give better results. These 
materials initially have better mechanical strength 
than those of porous materials and are better than 
those of bone, but these criteria do not last. On 
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the other hand, adhesion only seems to occur if 
the implant is immediately placed into intimate 
contact with the bone tissue, which is not always 
easy to do in practice, because, as in the case of 
bio-inert materials, a fi brous capsule forms which 
isolates the material from the bone.   

    Natural, Biological, or Synthetic 
Bone Replacement Materials 

 Bone loss can be remedied today either by natu-
ral autologous or homologous bone grafts or with 
ceramic-like materials. This is particularly true 
for madreporic coral or synthetic coral which 
consist of calcium phosphates and fl uoroapatites 
and are comparable to the vitroceramics we have 
been discussing. 

 Natural calcium carbonates are skeletons 
of madreporic corals with their organic part 
removed. They consist of virtually pure arago-
nite (CaCO 3 ). Used experimentally to replace 
bone substance losses or to fi ll cavities, it seems 
that the tendency is for the fragment of natural 
calcium carbonate to be resorbed, then for the 
carbonated skeleton to be replaced centrip-
etally and gradually by bone. The structure of 
coral skeleton makes it possible to re-establish 
the intra-medullary circulation and its resorp-
tion releases calcium ions reused by the body 
for the precipitation of phosphocalcium apa-
tite. However, the mechanical properties of the 
corals, which have a strength under fl exion of 
the order of 3 MPa, and under compression of 
16 MPa, are much inferior to those of bone and 
the clinical applications are comparable to bone 
autografts and allografts. 

    Materials Obtained by Synthesis 

 With comparable porosity, the mechanical 
properties of synthetic materials are generally 
superior to those of natural materials. Only the 
compressive strength of tricalcium phosphate, 
which is between 7 and 21 MPa, is of the order 
of  magnitude of that of coral. As for the lat-
ter, there are ultimately extremely few clinical 
applications.  

    Allografts 

 Bone is a living tissue consisting of cells as well 
as of a prosthetic structure on which calcium and 
phosphorus have been precipitated. The intro-
duction into the body of a bone graft of any kind 
will lead to the progressive destruction of its 
cells without modifying the supporting protein 
lattice. Indeed, although the cells are antigeni-
cally specifi c to any particular individual (vari-
ous HLR groups), the collagen which forms the 
architecture of the bone is the same throughout 
the human race and will not give rise to rejection 
phenomena. Whether we use an autograft or an 
allograft, the clinical development of this tissue 
is approximately comparable and the cells will 
die. The protein structure on which the phospho-
calcium raster is fi xed will no longer exist and 
the bone cells of the host will recolonize the bone 
which serves as a mold. After several years, new 
bone will be reformed from the cells of the host. 

 As massive samples cannot be taken from the 
same person without running the risk of causing 
problems at the donor site, we turned to preserva-
tion by cryopreservation of the bone homografts 
in bone banks. In order for it to be preserved 
“indefi nitely”, it is necessary for the bone to be 
stored in very cold conditions below −80 °C. For 
these technical reasons, we chose to store the 
cryopreserved bone – preserved in 10 % DMSO 
in liquid nitrogen at −196 °C; which, subject 
to certain precautions, gives the most reliable 
results. Cryopreserved bone makes it possible 
to reconstruct a bone segment which had to be 
resected due to the existence of a bone tumor 
at that site and also to reconstruct the locomo-
tor architecture after a considerable loss of bone 
substance due to trauma. 

 Massive osteocartilaginous fragments are 
used ever more frequently to reconstruct articular 
surfaces which have been damaged or removed 
as part of the excision of a tumor. Smaller, 
spongy fragments can also be used in addition 
to osteosynthesis to fi ll a bone cavity or to com-
plete the fi xation of an arthroplasty. The results 
we are obtaining currently are wholly encourag-
ing and in many cases have made it possible to 
avoid amputation or the use of massive prosthe-
ses, the long-term mechanical future of which 
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is not guaranteed. Between 1978 and 2000, the 
Marseilles Bone Bank has supplied 1744 massive 
bone parts used for grafts.   

    Carbon Compounds 

 Since 1967, numerous procedures have been 
used to create biomedical carbon but so far none 
have given absolute biological stability. It cannot, 
therefore, yet be considered for use routinely in 
human biology, in spite of the very many sug-
gestions which have been made (osteosynthesis 
plates, nails, joint prostheses) and in spite of 
its unrivalled endurance to fatigue (easily able 
to exceed ten million cycles). The natural com-
municating porosity of its structure allows colo-
nization into the mass of the prosthesis by the 
surrounding biological tissues, and the structural 
fl exibility of the composites harmonize with the 
elasticity of the host bone. The fact that they can-
not be deformed means that they cannot be used 
as osteosynthesis plates and as the carbon fi bers 
cannot tolerate lengthening, even to a very small 
extent, nor can they be bent to more than 30 ° 
without breaking. They cannot be used as a pros-
thetic ligament because fi xing this ligament into 
bone is very diffi cult. 

 Finally, the many particles from wear found 
in the ganglions, and even in the spleen, mean 
that we have to be careful when using these com-
posites. Owing to the hardness of the surfaces 
obtained by the ceramization treatment, it may 
be possible to consider using carbon as an articu-
lar surface, placing polyethylene in between the 
opposing surfaces.  

    Polymers 

 Numerous products have been suggested but, of 
course, they cannot all be considered. 

 As far as their common properties are con-
cerned, it is important to stress the fact that they 
age physically and chemically. 

 The following will be discussed:

    1.    Silicones, which are chemically inert, have 
good biotolerance and a high hydrophobic 

capacity. They are used in plastic surgery or in 
orthopedics in the form of elastomer rubbers 
for joint prostheses of the fi ngers, for example.   

   2.    Polyacrylics, and more specifi cally, methyl 
polymethacrylate, are well known in the area 
of orthopedics as they are used as a cement 
for fi xing prostheses. The time that cements 
take to grip varies considerably depending 
on the type of used; also the polymerization 
reaction, which is very exothermic. If none 
of the heat were to be dissipated to the exte-
rior while polymerizing, the mass of cement 
could reach more than 70 °C. It is thought that 
the maximum temperature should generally 
be no more than 40–50 °C in vitro, which is 
relatively close to the coagulation point for 
proteins (56 °C) and that of bone collagen 
(70 °C). It would therefore be desirable to fi nd 
a new, weakly exothermic cement, which sets 
relatively slowly, but this is not yet available.    

Currently, the cement penetrates the interstices 
of the bone more effectively and leads to even 
more secure anchorage if it is more fl uid or less 
viscous. It is therefore preferable to use a cement 
with a viscosity of less than 100 Newton/s/m 2  
after mixing. 

 Similarly, the porosity is a decisive factor in 
the mechanical behavior of the cement. For a 
particular cement, the size of the pores does not 
depend on the maximum temperature, but on the 
mixing and usage conditions. On the other hand, 
the number of bubbles per unit volume, for any 
particular cement, depends on the maximum 
polymerization temperature. 

 Finally, all acrylic cements show volume 
changes between the beginning of the mixing 
and the end of hardening. Currently, it appears 
that cement starts by contracting approximately 
2.5–6.5 microns per 2 mm thickness. As far as the 
mechanical properties of cement are  concerned, 
the Young’s modulus is low (of the order of 
3000 MPa) and traction strength and compres-
sive strength are approximately a quarter of the 
strength of normal bone. It is therefore impor-
tant to emphasize the preparation of the cement, 
the frequency of the movements, and the role of 
the additives. In this area, the addition of pow-
ders only very slightly changes their mechanical 
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 properties. On the other hand, when a liquid, such 
as an antibiotic, is to be added, this leads to seri-
ous weak points appearing and causes fractures to 
start which will only spread under stress. Finally, 
irradiation does not cause any signifi cant changes 
in the mechanical behavior of the cement.

    3.    Saturated polyesters, which are condensation 
polymers, are essentially represented by poly-
ethylene terephthalate. This polymer has good 
resistance to chemical agents, good tolerance 
in solid form and good mechanical properties. 
However, its behavior in a humid environment 
is poor, with a sharp reduction of its mechani-
cal properties. It is used in orthopedics in the 
form of plaited threads to make prosthetic 
ligaments (Dacron or Rodergon, for example). 
The poor elastic elongation properties (1.25 Y 
approximately) seem to be a very worrying 
factor for how this prosthesis behaves over 
time because the relative physiological elon-
gation of the cruciate ligaments of the knee, 
for example, is 26–25 Y.   

   4.    Polyolefi ns. In this group it is UHMW (Ultra- 
high- molecular-weight) polyethylene which 
is used for making friction components 
for prostheses of the hip, knee, and elbow 
because of its mechanical properties. A great 
deal of research is currently being carried out 
to improve its properties, and in particular 
its resistance to creep with, for example, the 
incorporation of carbon fi bers. Polyethylene 
reticulated by ionizing radiation with graft-
ing of polytetrafl uoroethylene should also 
improve the resistance to wear and creep. The 
use of a metal backing for prosthetic cupu-
lae also seems to limit the extent of creep. 
Polypropylene can be used for ligament use 
but here, too, its elastic elongation risks breaks 
in or detachment of the implant.    

To conclude, how do these biomaterials behave 
in use? It should be borne in mind that the main 
reasons why these materials fail are due to an as 
yet inadequate understanding of the properties 
of the materials used. Detachment is due to a 
breakdown in the cements and requires research 

to be carried out into their properties together 
with research into the mechanics of the transfer 
of loads between the implant and the bone. The 
extent of wear on the polyethylene parts will 
mean that the properties of these products will 
have to be changed, while amending the design of 
the parts. The introduction of ceramics to reduce 
the extent of wear has not managed to stop it, and 
until these materials are made less brittle, there 
will still be the risk of accidents. 

 There is still insuffi cient experience with car-
bon composite materials and only rigorously con-
trolled experiments will enable us to say whether 
the hoped for advantages of these new materials 
are accompanied by serious disadvantages linked 
to a possible fragmentation of the fi bers. 

 Finally, in the case of metal alloys, an analysis 
of the behavior of the parts in use shows that the 
resistance to fatigue corrosion should be studied 
in experimental conditions to enable easier com-
parison of the advantages and disadvantages of 
the various alloys proposed. 

 Care should be taken not to reach too hasty a 
conclusion as to the risks of certain techniques 
and, perhaps even more importantly, the wholly 
benefi cial effect of the new techniques where 
it is not possible to be entirely sure of the sci-
entifi c objectivity of the measures. In practical 
terms, all the phenomena involved in the behav-
ior of implantable materials start at the surface 
of the implants. It is therefore by studying the 
surfaces and their changes by physicochemical 
or mechanical treatment that advances can be 
made in the current techniques for manufacturing 
surgical implants. Reconstruction of joint carti-
lage with collagen, osteocartilaginous allografts, 
or artifi cial substances will allow enormous 
advances to be made in the treatment of arthro-
ses, the number of cases of which rise as life 
expectancy increases. 

 Finally, many materials used today will prob-
ably be abandoned in the years to come. On the 
other hand, new products will appear which will 
be based on the arthroplasties of the year 2000. 
Today we are probably only aware of one third 
of the materials we will be using in 20 years 
time.      
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      Bioceramics                     

     Takao     Yamamuro     

          Defi nition and Classifi cation 

 Ceramic is defi ned as “synthesized inorganic, 
solid, crystalline materials, excluding metals”. 
Ceramics used as biomaterials to fi ll up defects in 
tooth and bone, to fi x bone graft, fracture or pros-
thesis to bone, and to replace diseased tissue, are 
called bioceramics. They must be highly biocom-
patible and antithrombogenic, and should not be 
toxic, allergenic, carcinogenic nor teratogenic. 
Bioceramics can be classifi ed into three groups: 
(1) bioinert ceramics, (2) bioactive ceramics, and 
(3) bioresorbable ceramics. Bioinert ceramics 
have a high chemical stability in vivo as well as a 
high mechanical strength as a rule, and when they 
are implanted in living bone, they are incorpo-
rated into the bone tissue in accordance with the 
pattern of “contact osteogenesis”. On the other 
hand, bioactive ceramics have a character of 
osteoconduction and a capability of chemical 
bonding with living bone tissue. In other words, 
when bioactive ceramics are implanted in living 
bone, they are incorporated into the bone tissue in 

accordance with the pattern of “bonding osteo-
genesis”. Mechanical strength of bioactive 
ceramics is generally lower than that of bioinert 
ceramics. Bioresorbable ceramics have a charac-
ter of being gradually absorbed  in vivo  and 
replaced by bone in the bone tissue. The pattern 
of their incorporation into the bone tissue is con-
sidered similar to bonding osteogenesis, although 
the interface between bioresorbable ceramics and 
bone is not stable as that observed with bioactive 
ceramics.  

    Bioinert Ceramics 

 In 1969, Benson [ 1 ] predicted that carbon ceramic 
will be brought into clinical application as a bio-
material in the near future, as it has an excellent 
biocompatibility, a high compressive strength, 
and a reasonable elastic modulus. When carbon 
fi bers were used as an artifi cial ligament, how-
ever, it tended to undergo fragmentation. Recently 
such mechanically stronger carbons as low tem-
perature isotropic carbon (LTI carbon) and car-
bon fi ber reinforced carbon (CFRC) have been 
developed, but their clinical application has not 
yet been brought to realization. 

 Bionert ceramics such as alumina ceramic 
(Al 2 O 3 ) and zirconia ceramic (ZrO 2 ) have a 
higher compressive and bending strength and 
better biocompatibility than stainless steel 
(SUS 316 L) or Co-Cr alloy. Alumina ceramic 
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 particularly, therefore, had been attempted to use 
as osteosynthetic devices (alumina monocrystal) 
or to fabricate bone and joint prostheses (alumina 
monocrystal + polycrystal) in 1980s [ 2 ]. Recently, 
however, due to their brittleness and too high 
elastic modulus as compared to those of human 
bone, they are used very little for above purposes. 
On the other hand, it has been known that a ball 
made of alumina or zirconia exhibits a wear 
resistant character when its surface is polished to 
an average surface roughness of 0.02 μm. At 
present, therefore, clinical application of alumina 
and zirconia is almost solely limited to the 
bearing surface of joint prosthesis. 

 It is well known that one of important factors 
causing loosening of joint prosthesis is the 
periprosthetic osteolysis which is due mainly to 
excessive macrophage activities against wear 
debris, particularly of polyethylene (PE), around 
the prosthesis. Even after the introduction of 
highly cross-linked polyethylene (XLPE) which 
is much wear resistant, there have been various 
attempts to reduce the number of wear debris by 
changing the bearing surface of prosthesis from 
PE-on-metal combination to metal-on-metal, 
ceramic-on-ceramic, or PE-on-ceramic 
combination. In 1970, Boutin [ 3 ] started to use an 
alumina-on-alumina combination for the bearing 
surface of hip prosthesis. According to Sedel [ 4 ], 
alumina ceramic used for the hip prosthesis 
between 1970 and 1979 had a mean crystal grain 
size of 7 μm and the linear wear of its bearing 
surface was 5 to 9 μm per year. While alumina 
ceramic currently used has a grain size of 2 μm 
that means less brittle than the old type, and the 
linear wear is in the order of 3 μm per year. Sedel 
further described that the overall wear of the 
currently used alumina-on-alumina hip 
prosthesis, calculated by the weight of debris 
generated, was approximately 1,000 times less 
than for metal-on-polyethylene and 40 times less 
than for metal-on-metal joint, if all requirements 
for alumina quality, sphericity, circularity, and 
clearance of the bearing components are met. 
Therefore, in spite of the fact that the alumina- 
on- alumina hip prosthesis used in 1970s did not 
show signifi cantly better 10–15 year results as 

compared to those of Charnley hip prosthesis, the 
current alumina-on-alumina hip prosthesis is 
expected to bring about much better long-term 
results and less breakage than those used in 
1970s. 

 On the other hand, it is a well known rule for 
hip prosthesis that the smaller the head size the 
less the volumetric wear of the bearing surface. 
This rule has been much accounted of the PE-on- 
ceramic hip prosthesis in attempts to reduce the 
volumetric wear of polyethylene. The diameter 
of most alumina femoral head of hip prosthesis 
has been limited to 26–32 mm even with new 
alumina ceramic, because it exhibits only 
moderate bending strength and toughness. If it is 
attempted to reduce the head size to 22 mm with 
absolute safety against breakage of the 
component, zirconia ceramic is naturally taken 
into consideration as a constituent material, as it 
has an advantage over alumina of higher bending, 
compressive, and impact strength, higher fracture 
toughness, and lower elastic modulus. The 
reasons why zirconia ceramic had not been 
brought into clinical application until recently 
were that the zirconia synthesized in 1980s was 
abnormally radioactive [ 5 ] and tended to 
biodegrade  in vivo . Modern technology, however, 
made it possible to synthesize a new zirconia 
which is not abnormally radioactive and is stable 
 in vivo . This has been accomplished mainly by 
developing a refi ning technique to obtain pure 
zirconium from a raw ore and by adding chemical 
stabilizers such as yttrium oxide or cerium oxide 
during the sintering process of zirconia. The 
estimated amount of radioactivity exhibited from 
the zirconia, prepared by us in Kobe Steel 
Company since 1993, was 1.152 μR, while 
normal background of radioactivity amounts to 
about 100 mR [ 6 ]. Thus, the radioactivity of new 
zirconia is considered negligible. 

 Concerning crystallographical stability, 
alumina ceramic (usually α-alumina) is entirely 
consisted of hexagonal crystals and hence it is 
chemically very stable  in vivo . On the other hand, 
zirconia ceramic is usually consisted of three 
crystallographical phases; cubic, tetragonal, and 
monoclinic, and transformation of the phase 
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takes place under various conditions such as 
change of temperature, mechanical stress, and 
humidity. The phase transformation often results 
in self destruction of the ceramic. Until 1980s, 
such a crystallographical unstableness was one of 
reasons why zirconia had not been used as a 
constituent material for the bearing component of 
joint prosthesis in which high stress concentration 
may be created on the ceramic surface by repeated 
loading under wet condition. In 1990s, however, 
new sintering methods have been introduced to 
prepare crystallographically stable zirconia 
ceramics, by adding such chemical stabilizers as 
Y 2 O 3 , CeO 2 , and MgO in the sintering process. 
They are called partially stabilized zirconia 
(PSZ). For example, to prepare a zirconia femoral 
head of 22 mm in outer diameter, zirconia powder 
with a grain size of less than 1 μm is mixed with 
chemical stabilizers (Table  3.1 ), and is moulded 
into a ball by rubber pressing at room temperature. 
The ball is then sintered for 2 h at 1,500 °C. The 
sintered zirconia ball undergoes machining to 
shape a precise spherical ball with an outer 
diameter of 22 mm and a tapering pit (Fig.  3.1 ). 
The ball is fi nally polished to obtain an average 
surface roughness of less than 0.02 μm. Thus 
made zirconia femoral head is consisted mainly 
of tetragonal phase and 1–2 % of monoclinic and 
cubic phase.

    Mechanical properties of PSZs are compared 
with those of new alumina ceramic with grain 
size of less than 2 μm in Table  3.2 . PSZs have 
signifi cantly higher bending strength, 
compressive strength, fracture toughness, and 
impact strength, but have a lower Vickers 
hardness and elastic modulus than the alumina 
ceramic, although they are slightly different 
depending on the grain size and kind of chemical 

stabilizers used. Among them, yttrium oxide PSZ 
(Y-PSZ) has the highest bending strength and 
fracture toughness followed by cerium oxide 
PSZ (Ce-PSZ). Breaking tests for Y-PSZ and 
alumina femoral heads, 22 mm in outer diameter, 
were performed by static loading over a 
polyethylene liner which was set against the 
ceramic head. The alumina heads were broken by 
loads of 2,400–3,400 kg (average 2,800 kg), 
while Y-PSZ heads were broken by loads of 
2,770–4,480 kg (average 3,700 kg). Thus, Y-PSZ 
head was signifi cantly stronger than the alumina 
head against breakage [ 7 ]. Fatigue test was 
performed on eight Y-PSZ femoral heads on a hip 
simulator in physiological saline at 37 °C, by 
applying 10 7  cycles of repeated loading with 
450 kg. This loading is considered to correspond 
approximately to 20 years of a person walking. 
After the test, no breakage was observed in all the 
eight Y-PSZ heads.

   Wear tests for the polyethylene liner against 
the Y-PSZ, alumina and stainless steel head, all 
22 mm in outer diameter, were performed using a 
hip simulator in physiological saline at 37 °C by 
applying a load of 450 kg at 1 Hz. After 
5 × 10 5  cycles of loading, the polyethylene liner 
against the stainless steel head showed signifi cant 
wear, while those against the Y-PSZ head and 
alumina head did not show any measurable wear, 
even after 2 × 10 6  loading [ 7 ]. 

 Thus, alumina is chemically more stable 
than PSZ  in vivo , while PSZ is mechanically 
stronger than alumina, and both of them exhibit 
much better wear-resistant character compar-
ing the stainless steel or Co-Cr alloy as assessed 
in a form of bearing components of hip pros-
thesis. For these reasons, alumina is used to 
fabricate a ceramic-on-ceramic hip prosthesis 
where head size is not a key issue, while PSZ is 
used to fabricate a PE-on-ceramic hip prosthe-
sis where the head size must be made reason-
ably small. One of reasons why the 
zirconia-on-zirconia or alumina-on-zirconia 
hip prosthesis is not yet brought to the market 
is that, even with the PSZ, its crystallographi-
cal stability  in vivo  in a long term has not been 
confi rmed. 

   Table 3.1    Chemical composition of zirconia ceramic   

 Weight % 

 SiO 2 +M 2 0 (M 2 0:Na 2 0,K 2 0 etc)  0.1 

 Fe 2 0 3   0.1 

 Al 2 0 3   0.5 

 Y 2 0 3   4.8 ± 0.7 

 Zro 2   Remainder 
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 On the other hand, recently a combined 
ceramic (Zirconia 20 % and Alunina 80 %) is 
brought into clinical use as a XLPE-on-Ceramic 
hip prosthesis. This combination of Zirconia and 

Alumina is to aim at covering the weak points 
each other. It is said, however, when a proportion 
of Zirconia exceeds 6 %, effect of phase transfor-
mation can not be neglected in vivo. Therefore, 

a b

  Fig. 3.1    ( a ) A zirconia made femoral head with an outer diameter of 22 mm. ( b ) A cementless hip prosthesis made of 
titanium alloy with a combination of zirconia head and polyethylene socket for the bearing component       

   Table 3.2    Mechanical properties of bioinert ceramics   

 Zirconia  Alumina 

 Bending strength  (kgf/mm 2 )  170  >40.8 

 Compressive strength  (kgf/mm 2 )  500  408 

 Fracture toughness  (MPa,m 1/2 )  5.2  3.4 

 Impact strength  (kg/mm 2  or kJ/m 2 )  14  4 

 Vickers hardness  (HV kg/mm 2 )  1270  2300 

 Elastic modulus  (kgf/mm 2 )  20500  >38800 

 Density  (g/cm 3 )  6.05  >3.9 

 Crystal size  ( μ m)  0.2  <7 
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clinical follow-up longer than 10 years is required 
to confi rm the long term results in this combina-
tion as well. 

 A new technology developed by Smith and 
Nephew Co. in 1998 using Zirconium-Niobium 
alloy made it possible to solve the problem of 
phase transformation of zirconia ceramic 
in vivo. When a high temperature is applied on 
Zr-Nb alloy, its surface transforms to a mono-
clinic zirconia layer in about 5 μm thick. The 
layer is called Oxinium. Thus made surface 
monoclinic zirconia layer (Oxinium) is a gradi-
ent material made from Zr-Nb alloy. When a 
femoral head of hip prosthesis is made by the 
use of the above technique, its surface is not 
affected by phase transformation in vivo as it is 
made of monoclinic zirconia, and, in addition, 
the femoral head is not broken as it is made of 
Zr-Nb alloy, a metal. For these reasons, 
Oxinium-on Oxinium hip prosthesis is consid-
ered reasonable theoretically.  

    Bioactive Ceramics 

 Bioactive ceramics include glasses, glass- 
ceramics, and ceramics that elicit a specifi c 
biological response at the interface between the 
material and the bone tissue which results in the 
formation of a bond between them. The fi rst 
evidence of direct bone bonding to a glass implant 
was discovered by Hench et al. in 1970 [ 8 ]. Since 
then, some other glasses, glass-ceramics, and 
ceramics had been proved to have a bone bonding 
capability. Among them, Bioglass®, apatite-and 
wollastonite-containing glass-ceramic (AW-GC) 
and synthetic hydroxyapatite (HA) are 
representative materials currently used for 
clinical application. 

 In 1970, Hench et al. [ 8 ] synthesized a bio-
active glass by a chemical composition of SiO 2  
45, CaO 24.5, P 2 O 5  6, Na 2 O 24.5 (wt%). This 
glass is called 45S5 Bioglass® and known to 
exhibit the strongest bioactivity among hith-
erto developed bioactive ceramics. Wilson 
et al. [ 9 ] proved that when the implant-tissue 
interface was immobilized, collagen fi bers of 
the soft tissue became embedded and bonded 
within the growing silica-rich and hydroxy-
carbonate apatite layer on the 45S5 Bioglass®. 
Such soft- tissue bonding has never been 
observed with other bioactive ceramics or 
glass-ceramics. However, as Bioglass® is 
mechanically much weaker than the human 
cortical bone, it cannot be used as a weight 
bearing bone prosthesis. In stead, it has been 
used as a bone void fi ller in a form of granule, 
coating material on metallic prostheses, and to 
fabricate a middle ear prosthesis. 

 Aoki et al. [ 10 ] in 1966 and Jarcho et al. 
[ 11 ] in 1976 separately developed a process for 
producing dense hydroxyapatite implants with 
considerably high mechanical strength. 
Synthetic hydroxyapatite (Ca 10 (PO 4 ) 6 (OH) 2 ) 
has a capability of chemical bonding with the 
living bone tissue, but it takes much longer 
time than Bioglass® for bone bonding. Its 
mechanical property is shown in Table  3.3  in 
comparison with that of the natural bone and 
AW-GC. The bending strength of HA is lower 
than that of the natural cortical bone, and hence 
HA cannot be used to fabricate a weight bear-
ing bone prosthesis with absolute safety against 
breakage  in vivo . It has been used as a bone 
void fi ller in a form of granule with various 
particle size (Fig.  3.2 ), coating material on 
metallic prostheses, and to fabricate an iliac 
crest prosthesis and a laminoplasty spacer in 

   Table 3.3    Mechanical property of natural bone and bioactive ceramics   

 Bending strength (Mpa)  Compressive strength (Mpa)  Elastic modulus (Gpa) 

 Natural bone  30–190  90–230  3.8–17 

 Synthesized Hydroxyapatite  110–170  500–900  35–120 

 A-W Glass-Ceramic  220  1000  120 
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which high mechanical strength is not required. 
In 1987, Geesink et al. [ 12 ] developed a HA 
coated hip prosthesis and reported an excellent 
10 year clinical result in a large number of 
patient (Fig.  3.3 ). At present, HA is the bioac-
tive ceramic most widely used for clinical 
application as a bone void fi ller and a coating 
material for hip prostheses which are employed 
in cementless hip replacement.

     The HA coating over the prosthesis is usually 
performed by plasma splay coating, and thus 
made HA coated layer is consisted of more than 
50 % of amorphous apatite. As the amorphous 
apatite is absorbed by osteoclasts in a few years, 
HA coating only cannot maintain the fi rm con-
nection between the prosthesis and bone for lon-
ger than 20 years. For this reason, modern 

cementless hip prosthesis has a HA coating over 
the porous Ti coating. 

 Aiming at producing a mechanically stron-
ger bioactive material, Kokubo et al. [ 13 ] in 
1982 developed apatite-and wollastonite-con-
taining glass-ceramic (AW-GC or Cerabone 
AW®) by a chemical composition of SiO 2  
34.0, CaO 44.7, P 2 O 5  16.2, MgO 4.6, CaF 2  
0.5(wt%). As shown in Table 3–3, AW-GC has 
a signifi cantly greater bending and compres-
sive strength than the human cortical bone and 
dense HA. Bioacitivity was compared among 
Bioglass®, HA and AW-GC by implanting 
them into the living bone tissue and carrying 
out detaching tests in different postimplanta-
tion periods. It was demonstrated that the bone 
bonding occurred earliest with Bioglass® 

a b

  Fig. 3.2    ( a ) A giant cell tumor developed in the right 
ilium and ischium of a 27 year old female. The tumor was 
excised and the remaining large bone defect was fi lled 
with a mixture of autogenous bone chips, HA granules 

and fi brin glue. ( b ) 20 years postoperatively, HA has been 
well incorporated into the surrouding bone and the patient 
has no symptome       
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 followed by AW-GC and then HA. The essen-
tial mechanism of bone bonding for Bioglass® 
and AW-GC is considered similar, that is the 
formation of an apatite layer on the implant 
surface in the body environment. This surface 
apatite formation takes place by a chemical 
reaction of Ca 2+  and HSiO 3−  ions dissolved 
from the implant surface. This apatite is called 
chemical apatite (Fig.  3.4 ). At the same time, 
on the cut surface of bone, an apatite layer 
accompanied by collagen fi bers is formed 
by the activity of osteoblasts. This apatite 
layer is called biological apatite. Neo et al. 
[ 14 ] observed under transmission electron 

 microscope that the chemical apatite and the 
biological apatite were intermingled at the 
bone bonding interface (Fig.  3.5 ). The HA 
implant also showed the similar bone bonding 
morphology under transmission electron 
microscope, but HA took longer time than 
Bioglass® or AW-GC for bone bonding. This 
may presumably be due to the fact that HA is 
solely consisted of crystals, while others con-
tain the glass phase which is dissolved faster 
than the crystal and dissolved HSiO 3  −  ions 
might provide favorable sites for nucleation of 
the apatite [ 15 ].

    Yamamuro et al. [ 16 ] replaced vertebral 
bodies of sheep with a vertebral prosthesis 
made of AW-GC and found that the prosthesis 
bonded directly to the adjacent vertebrae 
within about 1 year (Fig.  3.6 ). Then, by the use 
of AW-GC, various bone prostheses were fab-
ricated such as iliac crest prosthesis, vertebral 
prosthesis, intervertebral spacer, and lamino-
plasty spacer (Fig.  3.7 ) [ 17 ]. The iliac crest 
spacer is used to substitute a bone defect 
remaining after harvesting a large bone graft 
from the iliac crest in various orthopaedic 
operations. The vertebral prosthesis is used to 
substitute for vertebral bodies suffering from 
benign and malignant tumors, compression 
fracture and burst fracture (Fig.  3.8 ). The inter-
vertebral spacer is used for interbody fusion 
through either anterior or posterior approach 
(Fig.  3.9 ). The laminoplasty spacer is used to 
maintain bilateral laminae opened after surgi-
cal enlargement of the cervical spinal canal in 
degenerative spondylosis and ossifi cation of 
the posterior longitudinal ligament (Fig.  3.10 ). 
AW-GC has also been used as a bone substitute 
in forms of either block (Fig.  3.11 ) or granule. 
When bioactive ceramic granule is used as a 
bone void fi ller together with fi brin glue, osteo-
conduction and bone bonding are accelerated. 
AW-GC is also widely used for bioactive coat-
ing of hip prosthesis. Its details are described 
in the Chapter of Ceramic Coating.

  Fig. 3.3    HA coated hip prosthesis developed by Geesink 
et al.       
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a b

  Fig. 3.5    ( a ) A contact micro-radiograph showing the 
bone bonding between AW-GC implant and newly formed 
bone. ( b ) A transmission electron micrograph showing the 

bonding interface between AW-GC (AW) and bone  B   
( arrows ).  AW  AW-GC crystals,  B  bone tissue       

Schematic representation of apatite formation
on glass-ceramic A-W
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a b

  Fig. 3.6    ( a ) A X-ray picture showing an AW-GC implant 
used for interbody fusion of the lumbar vertebrae of a 
sheep. ( b ) A contact micro-radiograph demonstrating 

direct bonding between the AW-GC implant and bone tra-
beculae of the lumbar vertebrae, 1 year postimplantation       

  Fig. 3.7    Various bone prostheses. A: vertebral prosthesis, B:intervertebral spacer, C:iliac crest prosthesis, 
D:laminoplasty spacer       
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a b

  Fig. 3.8    ( a ) A x-ray picture demonstrating L 1  burst fracture associated with paraplegia developed in a 48 year old male. 
( b ) :  A postoperative X-ray picture showing a vertebral prosthesis used for the reconstruction of the lumbar spine       

a b

  Fig. 3.9    ( a ) A case of multiple degenerative spondylosis 
of the lumbar spine developed in a 58 year old female. ( b ) 
A postoperative X-ray picture showing the results of 

postero-lateral interbody fusion using intervertebral 
spacers made of AW-GC       
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a

b

  Fig. 3.10    ( a ) Laminoplasty spacers made of AW-GC. ( b ) 
CT images of a 54 year old male suffering from cervical 
myelopathy due to spondylosis ( upper row ). Enlargement 

and reconstruction of the spinal canal was performed by 
the use of laminoplasty spacers in four levels ( lower row )       
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      Biomaterials for Bone Tissue 
Engineering                     

     Congqin     Ning     

       Bone tissue loss caused by various reasons 
including the accident trauma, tumor removal, 
or congenital deformity, etc., is a challenging 
problem in the clinic of orthopeadics, which 
brings the issue of bone grafting. Reconstructive 
surgery is based upon the principle of replac-
ing these types of defective tissues with viable, 
functioning alternatives. It is reported that over 
450,000 bone-grafting procedures are performed 
each year in the United States, and the number 
is expected to increase with the life expectancy 
increases [ 1 ]. Up to now, autologous transplan-
tation is still considered as the golden standard 
procedure to orthopedic surgeons [ 2 ]. However, 
although autograft has good compatibility and 
no immunological response, the limited donor 
bone supply and additional trauma have limited 
its applications. Severe immunological problems 
and high risks of disease transmission have also 
limited the allograft applications, although a very 
careful screening process has eliminated most of 
the disease-carrying tissue [ 3 ]. Tissue engineer-
ing has emerged as a promising way to recon-
struct and regenerate the lost or damaged bone 

tissues. Since the late 1980s, tissue engineering 
has been attracted much attentions in the fi elds 
of science, engineering, medicine and the soci-
ety [ 4 ]. Tissue engineering has been defi ned by 
Laurencin et al. [ 5 ] as “the application of bio-
logical, chemical, and engineering principles 
towards the repair, restoration, or regeneration 
of tissues using cells, scaffolds and growth factor 
alone or in combination”. There are two tissue-
engineering approaches in regeneration of tissues 
or organs [ 6 ]. The initially described approach is 
that a small amount of cells harvested from the 
patients themselves are proliferated in vitro and 
then seeded into the appropriate three-dimen-
sional scaffold in the presence of growth factors. 
The cells with growth factors under proper con-
ditions will secret various extracellular matrix 
materials to create an actual living tissue in vitro, 
which will be implanted back to replace the dam-
aged or defected tissues. Another approach is 
that the scaffold materials loaded with or without 
growth factors are implanted into the aim sites 
directly, which will guide the tissue formation in 
situ combining the degradation of scaffold mate-
rials. In the past several years, scaffolds, cells 
and growth factors have been considered as the 
three main factors for tissue engineering [ 1 ,  7 ]. 
Recently, with the development of materials sci-
ence, it is controversial that growth factors are 
essential for bone tissue engineering. The new 
viewpoint is that the growth factor is not neces-
sary for the  bioactive material, which can induce 
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the tissue formation and enhance the secretion of 
growth factors from the host bone cells. 

 It is now generally accepted that one of the 
important issues for tissue engineering is the 
development of ideal scaffold materials. Since 
the human body is a complex and sensitive sys-
tem, the requirements of the scaffold materials 
for tissue engineering are strict and extremely 
challenging. Up to now, the optimum material 
for tissue engineering scaffold has not yet been 
developed [ 8 ]. Nontoxicity and biocompatibility 
are the basic requirements for scaffold materi-
als. The material should not have the potential 
to elicit an immunological or clinically detect-
able primary or secondary foreign body reaction 
[ 9 ,  10 ]. Suitable biodegradability is another 
essential requirement of the scaffold materials 
for tissue engineering; the resorption rate should 
match the tissue growth. Furthermore, the mate-
rial should have proper mechanical properties 
matching those at the implant site, and can pro-
vide suffi cient support to the new tissue during 
degradation until the new tissue is able to support 
itself [ 9 ]. In addition, the ideal scaffold materials 
for bone tissue engineering should also promote 
cell growth, cell differentiation and tissue regen-
eration. Synthetic materials for the bone tissue 
engineering have been studied extensively in the 
recent decades with the development of material 
sciences. Ceramics, polymers and their compos-
ites have all been investigated as scaffold materi-
als for bone tissue engineering [ 1 ,  4 ,  8 ,  11 – 15 ]. 

    Biodegradable Polymers 

 The biodegradable polymers used in bone tissue 
engineering can be classifi ed into two categories. 
One is the natural-based polymers, such as starch, 
alginate, chitin/chitosan, collegen, silk, hyal-
uronic acid [ 16 – 23 ]. Another type is synthetic 
biodegradable polymers, like PLA, PGA, PLGA, 
PCL [ 24 – 26 ]. Most natural polymers are bio-
compatible, degradable and readily solubilized 
in physiological solution. However, they have 
some drawbacks, like immunogenecity, diffi culty 
in processing, and a potential risk of transmitting 
animal-originated pathogens [ 2 ]. Among all the 

natural polymers, collagen is the most widely 
studied one. It is well known that collagen is the 
most abundant extra cellular matrix (ECM) pro-
tein and is originally secreted by osteoblasts, so 
it has a good biocompatibility with bone tissues 
[ 27 ]. However, the poor mechanical strength and 
rapid degradation rate greatly limited its applica-
tions as implantable porous scaffolds for bone 
tissue engineering. 

 Compared to natural polymers, synthetic 
polymers indeed have better chemical and 
mechanical properties. Moreover, synthetic poly-
mers can eliminate the risk of disease transmis-
sion and immunogenecity. Synthetic polymers 
can provide versatile properties, since they can 
be synthesized under controlled conditions. The 
chemical and mechanical properties, degrada-
tion rate of synthetic polymers can be tailored by 
molecular weights, functional groups, confi gura-
tions, and confi rmations of polymer chains [ 2 ]. 

 The most commonly used biodegradable syn-
thetic polymers for bone tissue engineering are 
saturated poly-α-hydroxy esters such as poly 
lactic acid (PLA), poly glycolic acid (PGA), and 
their co-polymers (PLGA). The degradation of 
these polymers is through the procedure of de-
esterifi cation. The degradation products of these 
polymers are lactic and glycolic acids, which 
could be safely absorbed or derived by body 
metabolism. PLA, PGA and their copolymers 
have been approved by the US Food and Drug 
Administration to use as products and devices in 
clinic. 

 However, there are some drawbacks, 
which have limited their further applications 
[ 4 ,  25 ,  28 ,  29 ]. The hydrophobic characteristics 
of these polymers resulted in a poor cell attach-
ment. The hydrophilicity of PLA and PGA scaf-
folds was effectively improved by Mikos et al. 
[ 25 ] using a two-step immersion in ethanol and 
water. Another problem of PLA, PGA and their 
co-polymers are aseptic infl ammations, which 
is caused by the excessively low local pH value 
resulted from the accumulation of acidic deg-
radation products. It is reported that aseptic 
infl ammation occurred in a small but signifi cant 
percentage (8 %) of patients [ 28 ]. In addition, 
PLA and PGA have no ability to induce apatite 
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formation in SBF, indicating a low bioactivity. 
Insuffi cient mechanical strength also inhibits 
their applications in bone tissue engineering 

 Poly (ε-caprolactone) (PCL) is another type 
of aliphatic polyester polymer for bone tissue 
engineering. It has been used to enhance bone 
ingrowth and regeneration in the treatment of 
bone defects. The degradation rate of PCL is 
much lower than that of PLA and PGA, which 
makes it less attractive for tissue engineering 
[ 30 ]. It has been reported that it took 3 years for 
PCL with a molecular weight of 50,000 to be 
completely removed from the host body [ 26 ,  31 ]. 

 Polyhydroxyalkanoates (PHA) are also poly-
esters used in the fi eld of bone tissue engineering, 
which are produced by microorganisms under 
unbalanced growth conditions. Up to date, only 
several polymers in the PHA family are available 
in suffi cient quantity for applications in the bone 
tissue engineering, such as poly 3-hydroxybutyr-
ate (PHB), copolymers of 3-hydroxybutyrate and 
3-hydroxyvalerate (PHBV), poly 4-hydroxybu-
tyrate (P4HB), copolymers of 3-hydroxybutyrate 
and 3-hydroxyhexanoate (PHBHHx) and poly3-
hydroxyoctanoate [ 32 ]. This kind of polymers is 
also characterized with good biocompatibility 
and biodegradability and has been investigated 
as bone graft substitutes. The copolymeriz-
ing among the PHA polymers can dramatically 
change the properties of the material [ 33 ]. Among 
all the PHA polymers, PHB has been attracted the 
most attention as materials for bone tissue engi-
neering, since it has been demonstrated that PHB 
showed a consistent favorable bone tissue adapta-
tion response with no evidence of an undesirable 
chronic infl ammatory response after implantation 
up to 12 months [ 34 ]. Doyle’s work also showed 
that bone is rapidly formed close to the mate-
rial and subsequently becomes highly organized, 
with up to 80 % of the implant surface lying in 
direct apposition to new bone [ 34 ]. However, 
pyrogens like endotoxin incorporated in the PHA 
polymers during the producing process may be 
a problem for its implantation uses. The inves-
tigations showed that pyrogens incorporated in 
the PHA polymers can be reduced by oxidizing 
agent, like hydrogen peroxide or benzoyl perox-
ide [ 35 ]. In addition, the limited availability and 

time- consumption extraction procedure are also 
the challenging issues for PHA polymers as bone 
tissue engineering materials [ 13 ]. 

 In addition, copolymers of polyethylene glycol 
(PEG) and poly butylene terephathalate (PBT), 
commercially named as Polyactive TM , are another 
type of polymers for bone tissue engineering [ 6 , 
 36 ]. It seems the Polyactive TM  is the only polymer 
which can form a bone bonding when implanted 
 in vivo  [ 37 ,  38 ]. It has been reported that the apa-
tite layer formed on the surface of Polyactive TM  is 
similar to that formed on the surface of bioactive 
ceramics [ 39 ]. Due to its bone bonding proper-
ties, Polyactive TM  has been studied as bone tissue 
engineering material. 

 Three dimensional polymer scaffolds have 
been prepared by the following techniques. 

    Solvent Casting/Particulate Leaching 

 Solvent casting/particulate leaching is the most 
conventionally used methods to prepare porous 
polymer scaffold. In this technique, the polymer 
is fi rst dissolved in an organic solvent, such as 
chloroform and methylene chloride. Salt particles 
with a desired particle size are then dispersed 
uniformly in the polymer solution. The polymer 
solution with salt particles is then cast in a glass 
container. After the evaporation of organic solvent, 
the polymer-salt particle composites were then 
immersed in water to leach out the salt particles to 
get a porous polymer structure [ 40 ]. The porous 
scaffold prepared by this technique could have a 
porosity ranging 87–91 %, which are predomi-
nated by the amount of salt particles. Moreover, 
the pore size of the scaffold could be controlled 
by the size of salt particles. Both porosity and 
pore size are undependent on the particle type. 
However, the solvent casting/particulate leach-
ing technique only works for thin membranes 
or 3-D specimens with very thin wall sections. 
Otherwise, it is not possible to remove the soluble 
particles from within the polymer matrix [ 8 ,  41 ]. 
Mikos et al. [ 42 ] tried to fabricate 3-D structures 
by laminating the porous sheets using the tech-
nique. Another drawback of this technique is the 
extensive usage of highly- toxic solvents.  
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    Emulsion Freeze-Drying/Thermally 
Induced Phase Separation 

 The emulsion freeze-drying technigue was fi rst 
introduced to the fi eld of tissue engineering by 
Whang and his colleagues [ 43 ,  44 ]. This tech-
nique consists of creating an emulsion by homog-
enization of a polymer solvent solution and water, 
rapidly cooling the emulsionto lock in the liquid-
state structure, and removing the solvent and 
water by freeze-drying. Scaffolds with porosity 
greater than 90 %, pore size ranging from 15 to 
200 μm were obtained using this method [ 44 ]. 
The scaffold also showed high volume of inter-
connected micropores and a high specifi c surface 
area (58–102 m 2 /g) [ 45 ].  

    Gas Foaming 

 In the gas foaming technique, a small amount 
of gas (CO 2  or N 2 ) was dissolved into polymers 
under certain pressure and temperature levels. 
After the gas was released, a porous polymer 
scaffold formed. The concentration of CO 2  in the 
polymer, temperature, pressure, soaking time, 
depressurization, molecular weight and chemical 
composition of the polymer will all have signifi -
cant effects on the pore structure [ 46 ,  47 ]. Barry 
et al. [ 48 ] reported that a rapid release of CO 2  
gives smaller pores, while a slow release gives 
larger pores. This technique can get a pore size in 
a very wide range of 88–198 μm [ 49 ]. A porosity 
ranging 64.5–83.4 % are achieved in PLA scaf-
fold [ 49 ]. The highlight of this technique is that it 
is a fully solvent-free technique.  

    Rapid Prototyping 

 Since the middle 1990s, rapid prototyping 
method (RP) has been introduced into the fi eld 
of tissue engineering to fabricate scaffolds 
[ 50 – 52 ]. Rapid prototyping is a technique based 
on the advanced development of computer and 
manufacturing, which is also called solid free 
form fabrication (SFF) [ 53 ]. The potential to 
intimately control the microstructure of porous 
channels and the overall macroscopic shape of 

the scaffolds makes rapid prototyping an ideal 
process for fabricating scaffolds [ 54 ]. It can pro-
duce complex products rapidly from a designed 
model in the computer as well as digital data 
produced by an imaging source as computer 
tomography (CT) or magnetic resonance imag-
ing (MRI) [ 55 ]. Another advantage of this tech-
nique is the structure of the scaffold is 100 % 
interconnected macropororous [ 8 ]. In addition, 
parameters, such as the porosity, interconnectiv-
ity, pore size and geometric stability of the scaf-
folds fabricated by the rapid prototyping can be 
controlled more precisely than conventional fab-
rication techniques [ 40 ,  56 ]. 

 In addition, the polymer scaffolds have been 
also prepared by microsphere sintering, repli-
cation from natural materials, etc. Li et al. [ 57 ] 
prepared PDLLA scaffolds with a similar macro-
porous structure to natural cancellous bone using 
calcined bone as a negative mould. The scaf-
folds were fabricated by immersing the calcined 
bovine cancellous bone into PDLLA solution 
under repeated vacuum. The negative template 
was removed by a following treatment of the 
scaffolds in hydrochloric acid. The morphology 
and structure of the obtained scaffolds are simi-
lar to the organic matrix of natural concellous 
bone blocks. Moreover, the compressive strength 
and modulus of the obtained scaffolds could be 
adjusted by the concentration of polymer solu-
tion, which are signifi cantly improved as com-
pared to the scaffolds prepared by sovent casting/
particulate leaching technique. 

 The most common problems for synthetic 
polymers are acute or chronic infl ammatory 
response, which was due to the decreased local 
pH value caused by the acidic hydrolytic degra-
dation products. No bioactivity is also a common 
problem for polymeric materials. Incorporation 
of basic ceramics into polymers could neutralize 
the local acidity effectively and could increase 
the bioactivity simultaneous.   

    Bioceramics 

 The use of ceramics in bone repair has a very 
long history, which can be traced back to thou-
sands of years ago. The ceramics used at the early 
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stage are nearly bioinert in the biological envi-
ronment, such as alumina (Al 2 O 3 ) [ 58 ], zirconia 
(ZrO 2 ) [ 59 ], calcium sulphate (CaSO 4 ) [ 60 ] and 
calcium carbonate (coral) [ 61 ]. Compared with 
the bioinert ceramics, calcium phosphates and 
bioactive glasses and glass- ceramics can form a 
bonding interface with host tissues. Due to the 
good biocompatibility and bioactivity, they have 
been widely investigated as bone graft materials 
and some products have been successfully used 
in clinic. 

    Calcium Phosphates 

 It is well known that the inorganic compo-
nents (over 60 wt%) of bone are hydroxyapatite 
(Ca 10 (PO 4 ) 6 (OH) 2 , HA) [ 13 ]. Therefore, some 
calcium phosphates, like HA, tricalcium phos-
phates (α-TCP and β-TCP), octacalcium phos-
phate (OCP), calcium pyrophospates (Ca 2 P 2 O 7 ) 
have been intensively investigated as bone grafts 
[ 62 – 65 ]. The study of calcium phosphates as 
biomaterials for bone repair was started from the 
middle of 1970s, by Jarcho from the USA [ 66 ], 
de Groot from Europe [ 67 ], and Aoki from Japan 
[ 68 ], simultaneously. Calcium phosphate ceram-
ics have been proved having good biocompatibil-
ity with bone and they can bond to bone without 
any fi brous capsule [ 69 ,  70 ]. Synthetic hydroxy-
apatite with a stoichiometric composition has been 
extensively studied as bone replacement material 
[ 63 ,  69 ]. It has been proved that porous HA has 
excellent biocompatibility and osteoconductiv-
ity, and some commercial products of HA have 
been used in clinic [ 69 ,  71 ,  72 ]. Porous hydroxy-
apatite (such as ProOsteon® and Interpore®) has 
been prepared by the hydrothermal conversion 
of corals, which caused a replacement of phos-
phate ions for the carbonate ions and changed the 
crystal structure to calcium phosphate [ 73 – 75 ]. 
The porous hydroxyapatite scaffolds prepared by 
this method have a uniformity of pore size rang-
ing from 60 to 500 μm and have complete pore 
interconnection. However, the porosity of the HA 
scaffolds prepared by this method have a narrow 
porosity distribution ranging from 46 to 48 %, 
which is not good to the mechanical properties 
and biological applications. In addition, the fi nal 

composition of the scaffold is hard to control, due 
to the impurities in the original corals [ 76 ]. 

 The porous HA scaffolds can also be pre-
pared by the demineralization of natural bone 
(Endobon®) [ 77 ], polymer foaming [ 78 ], H 2 O 2  
foaming [ 79 ], freezing casting [ 80 ], replicas of 
porous structures [ 81 ,  82 ], etc. The most simple 
and commonly used method to prepare porous 
ceramics is the polymer porosifi er method. The 
parameters such as porosity, pore size and inter-
connectivity can be adjusted by the amount and 
size of porogen particles. It was reported that 
bone formation occurred in porous HA scaffolds 
mixed with fresh bone marrow cells after 3 weeks 
implantation, which was enhanced by a pre- 
culture process of bone marrow cells [ 83 ,  84 ]. 

 However, it has been proved that the stoichio-
metric HA has limited ability to form chemical 
bonding with the host tissues and it also has lim-
ited ability to stimulate the bone formation [ 85 ]. 
Moreover, the stoichiometric HA has a very low 
degradation rate, and it almost remains as a per-
manent fi xture susceptible to long-term failure 
[ 86 ]. The above drawbacks have limited its appli-
cation in bone tissue engineering. Actually, the 
mineral phases of the natural bone differ from 
stoichiometric HA in composition, stoichiom-
etry, and some properties, which are calcium 
defi cient hydroxyaptite with some positive (Na + , 
Mg 2+ , K + , etc.) and negative (CO 3  2− , F − , Cl − , etc.) 
ion substitutions. In particularly, the carbon-
ate ion concentration in the bone apatite is up 
to 8 wt% [ 87 ]. These substitutions in the bone 
apatite structure play important roles in its bio-
logical activity. Recent years, substituted apatites 
have been attracted increasing interests [ 88 – 96 ]. 
The use of these substituted apatites in bone tis-
sue engineering is still exploring. The substitu-
tion in the structure of HA indeed increased the 
bioactivity and bioresorbability of the material. 
In addition, Si incorporation in the calcium phos-
phates has been shown to increase osteogenesis 
of osteoblast-like cells [ 97 ]. Precipitation of a 
biological carbonated hydroxyapatite onto the 
surface of a scaffold by biomimetic method has 
also been extensively studied to improve the bio-
activity of the scaffold [ 98 – 105 ]. 

 Of all the substituted HA, Si-substituted HA 
have been investigated widely. Si has been found 
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to be essential for new bone formation, and it 
was found that Si localized at active calcifi cation 
sites in the bones of young mice and rats [ 106 ]. 
A recent research has been found that a dietary 
Si intake was positively and signifi cantly affect-
ing the bone mineral density of humans [ 107 ]. 
Trace levels of Si in the structure of hydroxy-
aptite have remarkably increased the biological 
performance in comparison to stoichiometric 
HA [ 108 ]. The Si-HA has always been synthe-
sized by wet chemical methods where Si is added 
through a silicon source, such as tetraethylortho-
silicate (TEOS) and Si IV acetate (Si(COOCH 3 ) 4 ) 
[ 109 – 111 ]. Some research also added nano-
particulate silica during the precipitation and 
sintering of an amorphous calcium phosphate 
to fabricate silicon doped HA [ 112 ]. Si substi-
tuted hydroxyapatites have been proved to have 
the ability to induce biomimetic precipitation 
in a physiological solution due to the release of 
silicon [ 113 ]. The in vivo investigates have also 
shown that bone ingrowth into silicon- substituted 
HA granules was remarkably greater than that 
into pure HA [ 114 ]. Currently, two different 
Si-substituted calcium phosphates have been 
developed as bone substitute applications com-
mercially [ 85 ]. Single phase Si-HA have been 
manufactured commercially by Apatech Ltd. 
under the trade name Actifuse TM . Multiphase 
Si-stabilized calcium phosphates have been pro-
duced by Millenium Biologix Corporation under 
the trade name Skelite TM . 

 β-TCP is another calcium phosphate mate-
rial widely used for bone tissue engineering. 
Compared to stoichiometric hydroxyapatite, 
β-TCP has a much higher dissolution rate. Many 
researches have shown that the dissolution rates 
of β-TCP are much higher than that of HA, 
which is strongly dependent on the testing media 
[ 76 ,  115 ]. β-TCP has been accepted and used 
as a biocompatible, and resorbable material for 
bone repair. However, some studies have also 
showed that the high dissolution rate of β-TCP 
adversely accelerates material resorbability and 
elicits immunological response [ 116 ,  117 ]. There 
are some different reports about the degradation 
rate of β-TCP  in vivo , which is dependent on the 
characteristics of the material used and the sites 

where the material is used. Similar to HA, sub-
stituted β-TCP have also been intensively inves-
tigated to pursue various properties [ 118 – 120 ]. It 
has been shown that magnesium substitution in 
the structure of β-TCP could decrease the biodeg-
radation rate. The Si substitution enhanced the 
biological properties of β-TCP. The impurities in 
β-TCP may affect its sintering properties. 

 Parameters, like pore size and distribution, 
porosity and connectivity of porous β-TCP scaf-
folds prepared by the traditional methods are 
diffi cult to be controlled precisely. Recently, 
a new method has been developed to prepare 
porous β-TCP scaffolds, which can fully control 
the macroporosity, in terms of shape and size of 
pores and their interconnectivity [ 121 ,  122 ]. In 
this technique, β-TCP scaffolds were prepared by 
impregnating of an organic edifi ce with proper 
β-TCP suspension followed by sintering at ele-
vated temperatures. The organic edifi ce served as 
the template, which was prepared by preheating 
polymer microspheres at a temperature higher 
than polymer glass transition point to make them 
bind together. The pore structure of the scaffolds 
can be controlled by the treatment parameters 
of polymer microspheres. Pore size, shape and 
porosity are controlled by the size, shape and 
amount of polymer spheres. The interconnection 
between the macropores depends on the ampli-
tude bridging between polymer balls, which are 
controlled by the temperature and dwell time of 
the treatment of polymer frame. β-TCP scaffolds 
prepared by this method have good pore con-
nectivity. Xie et al. [ 123 ] investigated the prolif-
eration of stem cells inside the β-TCP scaffold 
prepared by the above described method, and 
showed that after a fl ow perfusion culture, the 
cells survived and proliferated through the whole 
scaffolds indicating its good connectivity and 
nutrition supply. The in vivo results also showed 
that these scaffolds had good osteoconductivity 
and good vascularization [ 124 ,  125 ]. In addi-
tion, parts with a gradient distribution of pore 
size, or interconnectivity to pursue specifi c prop-
erties can be easily handled by this technique. 
The β-TCP scaffolds prepared by this method 
have been commercialized by Shanghai Bio-Lu 
Biomaterial Corporation. 
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 The poor mechanical property is the major 
problem of the porous bioceramic scaffold. 
Zhang et al. [ 126 ] prepared porous β-TCP scaf-
fold inspired from the structure of natural bone, 
which is characterized by a macrostructure fea-
ture of porous cancellous bone inside with com-
pact (or cortical) bone outside. The bioinspired 
structural β-TCP scaffolds were designed with a 
structure of porous cancellous structure (poros-
ity: 70–95 %) inside and dense compact shell 
(porosity: 5–10 %) outside. The scaffold with 
this kind of bioinspired structure improved the 
mechanical properties.  

    Biphasic Calcium Phosphate 

 Biphasic calcium phosphates (BCP) are also 
important members of the calcium phosphates 
family. BCP are ceramics which containing both 
hydroxyapatite and TCP. It has shown that BCP 
exhibited prior bone repair and regeneration 
abilities than pure HA or β-TCP [ 127 ,  128 ]. The 
degradation rate as well as other properties can 
be controlled by the HA/TCP ratios to a certain 
degree [ 127 – 131 ]. It has been reported that BCP 
have osteoinductivity when implanted in muscle 
tissue [ 132 ,  133 ]. Grundel Ng et al. [ 134 ] seeded 
osteoprogenitor cells derived from periosteum 
onto HA/TCP scaffolds and then intramuscu-
larly implanted them in nude mice after 4 weeks 
i n vitro  culture, which indicated that HA/TCP 
showed superior in early bone formation than pure 
HA. BCP with 60 % HA and 40%TCP has been 
manufactured commercially under the trade name 
Triosite. Another BCP with 65%HA and 35%TCP 
has also been commercialized by Teknimed 
Limited Company under the name Ceraform.  

    Bioactive Glass and Glass-Ceramics 

 In 1969, Hench et al. found that some glasses 
with specifi c compositions had excellent bio-
compatibility with natural bone and they can 
form a chemical bonding with the host bone 
[ 135 ]. These glasses have been called as bioac-
tive glasses, which contain SiO 2 , Na 2 O, CaO and 

P 2 O 5  in specifi c proportions and have been com-
mercially available as Bioglass®. The concept 
of “bioactive” has been aroused since then. The 
bioactive material was defi ned as “one that elicits 
a specifi c biological response at the interface of 
the material which results in the formation of a 
bond between the tissues and the material” [ 136 ]. 
The bioactive glasses have the ability to induce 
calcium-defi cient, carbonated hydroxyapatite 
formation when in contact with physiological 
solutions or implanted in vivo [ 137 ,  138 ]. It has 
been accepted that the essential requirement for 
an artifi cial biomaterial to exhibit a bone bonding 
to living bone is the formation of a bone-like apa-
tite layer on its surface in body environment and 
it has been used as a criteria to evaluate the bioac-
tivity of biomaterials [ 135 – 138 ]. The mechanism 
of the bioactivity of bioactive glasses has been 
thoroughly investigated by Hench [ 137 ], which 
is due to complex ion exchanges occurred on the 
surface of bioactive glasses. Silicon is considered 
to play a key role in the bioactivity of bioactive 
glasses, which can induce the apatite nucleation. 
The ionic dissolution products from bioactive 
glasses were shown to enhance the proliferation 
of osteoblasts, upregulate seven families of genes 
that control osteogenesis and induce the synthesis 
of growth factors [ 114 ,  139 – 141 ]. The bioactive 
glasses have also been found to enhance enzyme 
activity, vascularization and the differentiation of 
mesenchymal cells into osteoblasts [ 13 ]. 

 The bioactivity of the bioglass is composi-
tion dependent, which has been systematically 
summarized previously by Hench [ 140 ]. Only a 
limited range of bioactive glass compositions in 
the system SiO 2 -Na 2 O-CaO-P 2 O 5 , with less than 
55 wt% SiO 2  exhibit Class A bioactivity [ 142 ], 
which are osteoproductive as well as osteocon-
ductive, and can bond to both bone and soft con-
nective tissues. Class B bioactive materials only 
exhibit osteoconductivity. In recent years, sol–
gel technique has been used to prepare bioactive 
glasses [ 143 – 148 ]. The bioactive glasses pro-
duced by sol–gel method, also termed bioactive 
gel-glasses, have a higher bioactivity and resorb 
faster than the conventional glasses with the same 
composition [ 148 ]. The compositional range of 
Class A bioactive behaviour is  considerable 
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extended for the sol–gel derived bioactive glasses 
over the conventional ones [ 142 ]. It is reported 
that P 2 O 5 -free bioglasses in the system SiO 2 -
Na 2 O-CaO are also bioactive, which implies that 
P 2 O 5  is not an essential component for bioactiv-
ity of the material. The great characteristics of 
the gel-glasses are the high specifi c surface area 
and fi ne porous structure [ 149 – 151 ]. In addition, 
the structure and chemistry of bioactive glasses 
can be tailored at a molecular level by sol–gel 
method [ 152 ]. The above features can further 
infl uence the biological activities, such as cell 
differentiation and proliferation, enzyme activity 
and tissue regeneration of the bioactive glasses 
[ 149 ,  150 ]. 45S5 Bioglass® has achieved much 
success in clinic as a treatment for periodontal 
disease (Perioglas) and as bone fi lling material 
(Novabone) [ 137 ,  140 ]. 

 At the very beginning, the bioglass® were 
used in clinical applications only in the granule or 
bulk forms, since the bioglasses produced by high 
temperature melting have a poor machinability 
and are hard to be processed. Bioactive glasses 
have gained new attention recently as promising 
scaffold materials. Some works have attempted 
to introduce porous structure into melt-derived 
bioactive glasses. Yuan et al. [ 153 ] reported a 
method to prepare porous bioglass ceramic by 
H 2 O 2  foaming method using ball-milled Melt-
derived 45S5 Bioglass® powder. However, the 
porosity and pore interconnectivity of the porous 
scaffold prepared by the above method are not 
satisfi ed. Chen et al. [ 154 ] prepared porous bio-
active glass scaffolds with porosity over 90 % 
by the replication method using polyurethane 
foam as a sacrifi cial template. The Melt-derived 
45S5 Bioglass® powders were also mixed with 
polymer porogen to make porous scaffold using 
the traditional porosifi er method [ 155 ,  156 ]. 
However, the scaffolds made by these method 
all had high-temperature treatment histories. It 
has been reported that crystallization of bioac-
tive glasses will result in a decrease in bioactivity 
[ 157 ] and even turns a bioactive glass into bioin-
ert material [ 158 ]. 

 Hench group at Imperial College has pro-
duced scaffolds with hierarchical pore structure 
by foaming sol–gel derived bioactive glasses 

[ 10 ,  159 – 162 ]. In the fi rst step of this method, 
a sol is prepared from a silica based alkoxide 
precursor, such as tetraethyloxysilane (TEOS). 
After complete hydrolysis, the sol is foamed 
using surfactants under vigorous agitation in air. 
The foamed sol with a high viscosity is then cast 
into sealable moulds, followed by aging, drying 
and thermal stabilization at 600–800 °C. To get a 
better mechanical property, the foamed scaffold 
can be further sintered at an elevated temper-
arure. Unary, binary and tertiary systems have all 
been successfully foamed as scaffolds [ 162 ]. The 
scaffold prepared by this method is comprised of 
large interconnected macropores (10–500 μm) 
and mesoporous pores (2–50 μm). The macro-
pores with diameters over 100 μm, enable cells 
growing into 3D structures. The mesoporous 
structure is the inherent characteristic of sol–gel 
derived bioactive glasses, which can dissolve at a 
rate that releases the proper ionic concentration 
for osteogenesis. The pore interconnects in the 
foamed scaffolds are larger than 100 μm, which 
benefi ts to a 3D cellular structure formation and 
vascularization [ 142 ,  161 ]. Various parameters, 
including glass composition, surfactant con-
centration, gelling agent concentration, treating 
temperature, etc. all have an effects on the 3D 
structure of the foamed scaffolds [ 161 ]. 

 In addition, many researchers are trying to 
prepare bone scaffolds with biomorphic struc-
ture to cancellous bone by using natural mate-
rials as templates [ 57 ,  82 ,  163 ]. However, most 
of the previous works just mimicked the mac-
roporous structure of the natural materials. The 
fi ne microstructures of natural cancellous bone, 
such as ordered assembly of the nanoparticles 
on the pore wall, multimodal pore distribution 
on the micro- and nanometer scale, are challeng-
ing to mimic. The macroporous structure enables 
cell ingrowth, while the micro/nanoporosity 
improves fl uid fl ow through the ceramics, provid-
ing nutrition for cells inside the scaffold [ 164 ]. In 
our lab, Xia et al. (unpublished data) produced 
porous bioactive glass scaffold with both simi-
lar macrostructure and microstructure to those 
of natural cancellous bone using a replication 
method. The obtained bioactive glass scaffold 
possessed a porosity of 89.3 %, which is similar 
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to the  calcined bone (86.6 %). The compressive 
strength of the obtained scaffold is also similar to 
that of the calcined bone. 

 The degradability of these bioactive glasses 
is mainly based on dissolution process, which 
is infl uenced by the particle size, glass composi-
tion, etc. [ 165 ]. However, overall the biodegrada-
tion of these materials is considerably low [ 164 ]. 

 Poor mechanical properties are the big draw-
backs for bioactive glasses as scaffolds for tis-
sue engineering. A glass can be converted to 
glass-ceramic by heat treatment. The crystal-
lized glass-ceramic exhibits superior mechani-
cal properties to the parent glass. In the early 
1980s, Kokubo and co-workers developed a 
glass- ceramic, which contains crystalline phases 
of apatite and β-wollastonite and was termed 
A-W glass-ceramic [ 166 ,  167 ]. A-W glass-
ceramic is prepared from the parent glass in the 
pseudoternary system 3CaO · P 2 O 5 -CaO · SiO 2 - 
MgO · CaO · 2SiO 2  with a composition of 
38 wt% apatite, 34 wt% wollastonite and 28 % 
residual glass. This glass-ceramic material pos-
sesses both excellent mechnical properties and 
good bioactivity, and can be easily machined 
into various shapes, which has been used suc-
cessfully in clinic as bone replacement under 
the trade name of Cerabone® [ 167 ]. The bend-
ing strength of A-W glass-ceramic is about 
215 MPa, which is almost twice that of dense 
hydroxyapatite, and also much higher than that 
of bioglasses [ 11 ]. The fracture toughness is also 
much higher than that of hydroxyapatite and 
bioactive glasses [ 13 ]. The higher mechanical 
properties of A-W glass- ceramic are attributed 
to the precipitation of wollastonite. A-W glass-
ceramic can form a bone bonding with natural 
bone through a thin layer of biologically active 
apatite and it can also induce apatite formation 
in an acellular simulated body fl uid having ion 
concentrations nearly equal to those of human 
blood plasma (termed SBF). The mechanism of 
bioactivity of the A-W glass- ceramic is similar 
to that of bioactive glasses, which is attributed to 
the release of soluble Si, Ca and P ions into the 
physiological fl uid. Dyson et al. [ 168 ] evaluated 
the behavior of mesenchymal stem cells on A-W 
glass-ceramic scaffolds produced by the layer 

manufacturing technique and selective laser sin-
tering, showing that the expression of the osteo-
genic markers was signifi cantly higher than that 
on the commercial calcium phosphate scaffold. 
However, it is defi nite that A-W glass-ceramic 
exhibits Class B bioactivity, which is lower than 
that of Bioglass® [ 169 ]. 

 Ceravital® [ 170 ,  171 ] and BIOVERIT® 
[ 172 ,  173 ] are also commercially available glass- 
ceramics for bone replacement. However, there 
are very few reports on these two materials for 
applications in the fi eld of bone tissue engineer-
ing. Recently, Vitale-Brovarone et al. [ 174 – 176 ] 
developed a series of K 2 O-containing bioactive 
glass-ceramics. The glass with a molar composi-
tion of 50%SiO 2 -44%CaO-6%K 2 O (termed SCK) 
showed a crystalline phase of β-wollastonite 
(β-CaSiO 3 ), which exhibited good in vitro bio-
activity. It is reported that a too higher pH can 
inhibit osteoblast activity and cause cell necro-
sis or apoptosis [ 177 ,  178 ]. To avoid the severe 
pH changes in the physiological solution, a new 
bioactive glass-ceramic, in the SiO 2 -P 2 O 5 - CaO-
MgO-K 2 O-Na 2 O system, was developed with a 
lower monovalent oxide content and a slightly 
higher P 2 O 5  content compared to commercial 
bioactive glasses [ 175 ,  176 ]. Ca 3 Mg(SiO 4 ) 2  and 
Ca 2 MgSi 2 O 7  were identifi ed as crystalline phases 
of the above glass-ceramic. Macroporous scaf-
folds with a porosity over 70 % and pores in the 
range of 100–500 μm prepared from the above 
glass-ceramic showed high bioactivity and pro-
moted a high cell differentiation. In addition, 
some researchers have also shown that some 
borate glasses can convert to hydroxyapatite and 
bond to bone chemically [ 179 – 181 ] like the sili-
cate-based bioactive glass. 

 Silica-free calcium phosphate glass-ceramics 
have also been developed for bone tissue engi-
neering [ 182 – 187 ]. Kasuga et al. [ 182 – 186 ] 
developed series calcium phosphate ceramics in 
CaO-P 2 O 5 -TiO 2  and CaO-P 2 O 5 -Na 2 O-TiO 2  sys-
tems, which were initially used as coatings on 
titanium implants. The bioacvitity of these cal-
cium phosphate glass-ceramics are composition 
dependent. The glasses with orthophosphate and 
pyrophosphate groups have the ability to induce 
apatite deposition, while the glass containing 

4 Biomaterials for Bone Tissue Engineering



44

no orthophosphate group does not deposit apa-
tite. Moreover, the replacement of 7wt%TiO 2  by 
7wt%Na 2 O results in a signifi cant increase in 
bioactivity. In addition, the apatite- forming abil-
ity of the above glass-ceramics is also strongly 
infl uenced by a small amount (3 %) of addi-
tive such as TiO 2  and MgO [ 186 ]. However, the 
mechanical properties of the calcium phosphate 
glass-ceramic are a little lower than those of sil-
ica-based A-W glass- ceramic [ 184 ].  

    Silicate Bioceramics 

 Inspired from the success of silicate –based bio-
active glasses and glass-ceramics, some silicate 
ceramics have also been explored for bone tissue 
engineering applications, including wollastonite 
(low temperature calcium silicate, β-CaSiO 3 ) 
[ 188 – 193 ], pseudowollastonite (high temperature 
calcium silicate, α-CaSiO 3 ) [ 194 – 199 ], dicalcium 
silicate (Ca 2 SiO 4 ) [ 200 ,  201 ], tricalcium silicate 
(Ca 3 SiO 5 )[ 202 ,  203 ], akermanite (Ca 2 MgSi 2 O 7 ) 
[ 204 – 206 ], bredigite (Ca 7 MgSi 4 O 16 ) [ 207 , 
 208 ], diopside (CaMgSi 2 O 6 ) [ 209 – 211 ], com-
beite (Na 2 Ca 2 Si 3 O 9 ) [ 212 ], Silicocarnotite 
(Ca 5 (PO 4 ) 2 SiO 4 ) [ 213 ,  214 ] and silicate-based 
composites [ 215 ,  216 ]. 

 As stated above, β-wollastonite is one of the 
crystalline phases of A-W glass-ceramic, which 
is mainly responsible for the bioactivity of A-W 
glass-ceramic. de Aza et al. [ 188 ] fabricated poly-
crystalline wollastonite by solid-state reactions at 
elevated temperature using solid calcium carbon-
ate and silica with a CaO/SiO 2  molar ratio equal 
to one. The polycrystalline wollastonite showed 
a high “in vitro” bioactivity with the formation 
of apatite in the simulated body fl uid. According 
to de Aza, the ionic interchange of Ca 2+  for 2H +  
between wollastonite and SBF resulted in an 
amorphous silica phase on the wollastonite sur-
face and increased the calcium concentration and 
pH in the surrounding SBF, giving the conditions 
for HA precipitation. 

 The ex vivo cell culture studies have shown 
that β-wollastonite can enhance the attachment 
and proliferation of mesenchymal stem cells, and 
induce the differentiation of MSC to osteoblasts 

[ 217 ,  218 ]. In addition, the in vitro degradation 
rate of β-wollastonite scaffolds was substantially 
faster than that of the β-TCP [ 218 ]. In vivo evalu-
ation of the plasma sprayed wollastonite coat-
ing showed that the wollastonite coating could 
form a tight bone-bonding with the surround-
ing bone tissue through a bone-like apatite layer 
[ 192 ]. Moreover, the wollastonite coating could 
also induce the apatite formation after 1-month 
implantation in muscle and could induce bone 
formation in marrow sites, indicating good bioac-
tivity and osteoinductivity. Recently, the in vivo 
bone regenerative capacity and resorption of 
porous β-wollastonite scaffolds were investigated 
in a rabbit calvarial defect model using porous 
β-TCP scaffolds as a parallel by Xu et al. [ 219 ], 
showing that the β-wollastonite has a much 
higher resorption rate and more bone formation 
than β-TCP. After 16-week implantation, only 
3.81 % of β-wollastonite remained (as shown in 
Fig.  4.1 ).

   The pseudowollastonite (α-CaSiO 3 ), which is 
a high temperature form of calcium silicate, has 
also been found exhibiting good biocompatibil-
ity and bioactivity. Dufrane et al. [ 220 ] showed 
that the pseudowollastonite extract did not show 
signifi cant cytotoxic effects confi rming its bio-
compatibility. Lin et al. [ 221 ] also demonstrated 
good biocompatibility of α-CaSiO 3 . The bioac-
tivity of pseudowollastonite has been observed 
in vitro (in SBF) and in vivo (implanted in 
animals). Apatite formation on the surface of 
α-CaSiO 3  scaffold after soaking in SBF is shown 
in Fig.  4.2 . Similar to wollastonite, pseudowol-
lastonite also has the ability to induce apatite 
formation when immersed in SBF [ 197 ]. It can 
even induce apatite formation in human parotid 
saliva [ 195 ] and serum-containing media [ 10 ]. 
It has been reported that the rate of hydroxy-
aptite precipitation on the surface of pseudo-
wollastonite surface are higher than those on 
all the reported bioglasses and glass-ceramics 
[ 222 ]. Sarmento et al. [ 198 ] found that osteo-
blasts could attach and proliferate well on the 
surface of pseudowollastonite. In addition, the 
cell attachment could be enhanced by preincu-
bation of pseudowollastonite in serum or media 
containing fi bronectin. The in vivo  bioacticity of 

C. Ning



45

pseudowollastonite was evaluated by De Aza and 
co-workers through implantation into rat tibias 
[ 196 ,  199 ]. The SEM and EDS analyses showed 
that a calcium phosphate layer was formed at the 
implant interface, which had characteristics of 
new bone tissue. High resolution transmission 

electron  microscopy observations confi rmed the 
newly formed bone at the interface between the 
pseudowollastonite implant and the host bone as 
composed of hydroxyapatite-like nanocrystals 
growing epitaxially across the interface in the 
[002] direction [ 196 ]. It was shown that the rate of 

  Fig. 4.1    3D 
reconstruction images of 
residual β-CS and β-TCP 
after implantation in the 
rabbit calvarial defects for 
different periods using 
Micro-CT analysis (From 
Xu et al. [ 219 ], with 
permission)       
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new bone formation around  pseudowollastonite 
decreased after the fi rst 3 weeks and reached 
constant value over the following 9 weeks, which 
coincided with the results of β-wollastonite 
reported by Xu and co-workers [ 219 ].

   Sahai et al. [ 223 ] used crystallographic con-
straints with ab initio molecular orbital calcu-
lations to identify the active site and reaction 
mechanism for heterogeneous nucleation of 
calcium phosphate. It is proposed that the cyclic 
silicate trimer is the universal active site for het-
erogeneous, stereochemically promoted nucle-
ation on silicate-based bioactive ceramics. A 
critical active site density and a less point of zero 
charge of the biomaterial than physiological pH 
are considered essential for bioactivity. 

 Chang and his colleagues fi nd that dicalcium 
silicate and tricalcium silicate also show good 
bioactivity, and they can rapidly induce apatite 
formation in the SBF [ 201 – 203 ,  224 ]. Besides 
the binary calcium-silicates, some ternary cal-
cium-silicate ceramics have also been attracted 
much attention in recent years. The investiga-
tion of diopside as implant material started by 
Nakajima in the late 1980s [ 225 ]. It was found 
that diopside can induce apatite formation in SBF 
and can form a bone bonding with surrounding 
bone tissues [ 209 ,  226 ,  227 ]. Calcium released 
from the material into SBF plays a key role in 
the apatite formation on the surface of diopside, 
which is initially released rapidly and eventually 

reaching steady-state. On the contrary, Mg and 
Si are released more slowly at similar rates to 
each other [ 12 ,  211 ,  228 ]. And Mg does not play 
a role for apatite nucleation on diopside [ 211 ]. It 
is proposed that the (100) plane of diopside epi-
taxially nucleates the (010) plane of octacalcium 
(OCP), which has a similar cell parameters to 
hydroxyapatite and has been considered as a pre-
cursor to hydroxyaptite in normal bone growth 
[ 12 ,  227 ]. The reported bending strength and 
fracture toughness of the diopside is 300 MPa 
and 3.5 MPa · m 1/2 , respectively [ 209 ]. These val-
ues are about two or three times higher than those 
of hydroxyapatite. However, the degradation rate 
of diopside is very poor, which is even lower than 
that of hydroxyaptite [ 209 ]. 

 Besides diopside ceramics, akermanite and 
bredigite in the Ca-Si-Mg system have also 
been investigated for bone tissue engineering. 
Wu et al. [ 206 ,  229 ] synthesized pure akerman-
ite and bredigite powders by sol–gel methods. 
Both akermanite and bredigite have the ability 
to induce apatite formation in SBF. The apatite 
formation ability decreases with the increase of 
Mg in the Ca-Si-Mg ceramics, i.e. bredigite has 
better apatite formation ability than akerman-
ite, which is indicated by higher calcium con-
tent and lower phosphorus content in SBF after 
immersion. The increase in activation energy of 
Si release should be responsible for the reduced 
apatite formation ability [ 230 ]. In addition, acti-
vation energy of Si release also predominates 
the degradation rate of the Ca-Si-Mg ceramics. 
With the increase in Mg content, the degrada-
tion rate of the Ca-Si-Mg ceramics decreases. 
Considering the poor degradability of diopside, 
it may not be suitable as bone tissue engineer-
ing materials as the akermanite and bredigite. 
Akermanite prepared by two-step precipitation 
method has a higher bioactivity than that pre-
pared by sol–gel method, due to its fi ner particle 
size. Akermanite and bredigite have all shown the 
ability to stimulate osteoblasts proliferation. The 
intensive investigation by Sun et al. showed that 
akermanite ceramics enhanced the expression of 
osteoblast- related genes, including alkaline phos-
phate (ALP), osteopontin (OPN), bone sialopro-
tein (BSP), and osteocalcin (OC) [ 231 ]. It also 

  Fig. 4.2    Apatite formation on the surface of α-CaSiO 3  
scaffold after soaking in SBF (From Lin et al. [ 221 ], with 
permission)       
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showed that akermanite could  promote osteoblas-
tic differentiation of human bone marrow stromal 
cells (hBMSC) in normal growth medium with-
out osteogenic reagents, such as L-ascorbic acid, 
glycerophosphate and dexamethasone (as shown 
in Fig.  4.3 ). Highly connective porous  akermanite 
and bredigite scaffolds, with porosity about 90 % 
and pore size ranging 300–500 μm, were pre-
pared using polymer sponge as templates by Wu 
and his co-workers [ 208 ]. Both alkermanite and 
bredigite scaffolds could support osteoclasts-like 
cells growth, proliferation and differentiation. 
The biomimetic treatment of alkermanite and 
bredigite scaffolds in the SBF could enhance the 
cell proliferation and differentiation.

   To combine the advantages of phosphates and 
silicates, Ning and her co-workers synthesized 
pure Ca 5 (PO 4 ) 2 SiO 4  (CPS) by a sol–gel method 
using triethyl phosphate (TEP), tetraethoxysi-
lane (TEOS) and calcium nitrate tetrahydrate as 

original materials [ 213 ]. It is revealed that CPS 
has a greater in vitro apatite-forming ability than 
HA. In addition, the proliferation of rBMSC 
on CPS is signifi cantly higher than that on 
HA. Moreover, the expression of alkaline phos-
phatase activity (ALP) and osteogenic- related 
genes, including Runx-2, osteopontin (OPN), 
bone sialoprotein (BSP) and osteocalcin (OC), 
demonstrated that CPS has enhanced the osteo-
genic differentiation of rBMSC and accelerated 
the differentiation process [ 214 ].  

    Silicate/Phosphate Based Composites 

 As stated above, silicate-based bioceramics 
exhibit excellent bioactivity, which can promote 
the osteoblast proliferation, induce the osteo-
blastic differentiation of marrow stem cells, and 
enhance the bone formation. On the other hand, 

a

c d

b

  Fig. 4.3    ALP staining of differentiating hBMSC on the 
surface of different material. The hBMSC were cultured on 
akermanite disks ( a ,  b ) and β-TCP disks ( c ,  d ) for 7 days in 

growth medium ( a ,  c ) or osteogenic medium ( b ,  d ). ALP-
positive cells are shown in purple. The bars in the pictures 
present 200 mm (From Sun et al. [ 231 ] with permission)       
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calcium phosphate ceramics have excellent bio-
compatibility due to their similar compositions to 
the bone minerals, while they have no obvious 
stimulatory effect on the proliferation and dif-
ferentiation of osteoblasts. A composite strategy 
is applied to combine the advantages of silicates 
and phosphates, which is effective way to make 
materials with tailorable properties, such as 
mechanical property, bioactivity and biodegrada-
tion rate. 

 De Aza et al. [ 232 ,  233 ] developed a bioeu-
tectic wollastonite-tricalcium phosphate ceramic, 
with a composition of 60 wt% wollastonite 
and 40 wt% TCP, by a specifi c high tempera-
ture treatment (termed W-TCP). The eutectic 
W-TCP material presented a high bioactivity in 
SBF [ 232 ] and human parotid saliva [ 233 ], with 
the formation of two well- differentiated zones 
of hydroxyapatite. The inner layer formed by 
pseudomorphic transformation of the tricalcium 
phosphate into hydroxyapatite after the dissolu-
tion of wollastonite into SBF, and the outer layer 
formed by the deposition of hydroxyapatite onto 
the surface of the material in the later stages of 
immersion. 

 Huang et al. [ 234 ] and Ni et al. [ 235 ] prepared 
β-CaSiO 3 /β-Ca 3 (PO 4 ) 2  composite materials by in-
situ precipitation method. The mechanical prop-
erties of the CS-TCP composites increased with 
the increase in TCP content. A higher CS con-
tent also resulted in a higher dissolution rate. The 
CS-TCP composites exhibited good bioactivity. 
Compared with pure β-TCP, the CS-TCP com-
posites, especially the composites with over 50 % 
wollastonite, enhanced the adhesion, growth 
and ALP activity of the osteoblast-like cells 
[ 235 ]. Zhang et al. [ 193 ] prepared nanocrystal-
line wollastonite/β-TCP composite powders by a 
two-step chemical precipitation method. Porous 
scaffolds were fabricated using these compos-
ite powders by porogen burnout technique. The 
mechanical properties of these scaffolds sintered 
from nano- scale composite powder were signifi -
cantly improved, which were about twice as high 
as those of the scaffolds sintered from submicron 
powders. In addition, these scaffolds sintered 
from nano-powders showed less strength loss 
during the degradation process. 

 The silicate/phosphate composite ceramic with 
the composition of 32.9 mol% Na 2 O, 32.9 mol% 
SiO 2 , 22.8 mol% CaO and 11.4 mol% P 2 O 5  were 
prepared by El-Ghannam and his co-workers 
[ 216 ], which showed main crystalline phases of 
Na 2 CaSiO 4  and NaCaPO 4  (termed SCPC). This 
composite ceramic has compositional compo-
nents similar to 45S5 bioglass. SCPC provided 
a superior release profi le of biologically active 
rhBMP-2 compared to commercial porous 
hydroxyapatite. Moreover, cells attached to the 
SCPC produced mineralized extracellular matrix 
and bone-like tissue covered the entire material 
surface after 3 weeks culture in vitro, while the 
hydroxyapatite only produced limited amount of 
unmineralized ECM. Porous SCPC scaffold was 
prepared by rapid prototyping technique using 
a segment of a rabbit ulnar bone as prototype 
model [ 215 ]. After 4-weeks, CT scans showed 
that the defect fi lled by the above SCPC compos-
ite scaffold loaded with rh-BMP-2 had already 
been replaced by newly formed bone, indicating 
that SCPC are highly resorbable and have good 
bone formation ability.   

    Polymer/Inorganic Composites 

 The composite materials for bone tissue engi-
neering have been pursued in the near decade, 
since the composites combine the advantages of 
the different components, which offered superi-
orities over single-phase materials. 

 Compared to the strengths of metals and 
ceramics, the strengths of biodegradable poly-
mers are low. The porous structure of the 
scaffolds further decreases their strengths. 
Moreover, the synthetic polyesters are often non- 
osteoconductive. To enhance the strength and 
bioactivity of the polymer scaffolds, an inorganic 
component is always introduced to make poly-
mer/inorganic composites. Studies have dem-
onstrated that such composites could result in 
scaffolds with tailorable physical and biological 
properties for specifi c applications. The addition 
of an inorganic phase to a biodegradable polymer 
may also change the  in vitro  and  in vivo  polymer 
degradation behaviour. 
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 Bioglass, glass-ceramics, calcium phosphates 
and silicates, etc. have all been used to rein-
force polymers. The development of polymer/
inorganic composites has been well reviewed 
in literatures [ 4 ,  13 ,  32 ]. In the recent years, the 
polymer/silicate ceramic composites have been 
intensively investigated. For example, wollaston-
ite was incorporated into the PDLLA to prepare a 
bioactive PDLLA/wollastonite composite [ 236 ]. 
The composite scaffold was prepared using a sol-
vent casting/particulate leaching method. With 
the same salt content, the porosity of the PDLLA 
deceased from 95 to 85 % as the wollastonite 
content increased from 0 to 40 %. The bioactiv-
ity of the PDLLA/wollastonite composite was 
confi rmed by the formation of an apatite layer 
on its surface after immersing in SBF for seven 
days. The interesting and important advantage 
of the PDLLA/wollastonite composite is that 
the acidic degradation products of the PDLLA 
could be neutralized by the basic ions released 
from wollastonite due to its dissolution in the 
SBF solution. For the PHBV/wollastonite porous 
scaffolds, there were no signifi cant differences in 
porosity between the samples with different wol-
lastonite content [ 237 ]. However, the mechanical 
strength of the composite scaffolds was signifi -
cantly enhanced by the incorporation of wollas-
tonite. In addition, the incorporation of silicates 
into polymers will result in an improvement in 
hydrophilicity, expressed by a decrease in water 
contact angle [ 237 ,  238 ]. This implied that wol-
lastonite could be used as a good candidate for 
preparation of bioactive polymer/ceramic com-
posites for tissue engineering applications. 

 During the process of polymer/ceramic com-
posites preparation, a common problematic issue 
is that it is diffi cult to get a uniform polymer/
inorganic particle suspension, since the inorganic 
particles have the tendency to agglomerate. This 
problem makes it diffi cult to fabricate compos-
ites with a uniform microstructure [ 236 ,  237 ]. 
And it was found that some of the PDLLA/β-
CaSiO 3  composites lost their strength rapidly 
under physiological environment, and failures 
mainly occurred at the interface between the 
β-CaSiO 3  agglomerates and the polymer matrix. 
Consequently, it is necessary to increase the 

 compatibility between the inorganic component 
and the polymer matrix by improving the disper-
sion of inorganic particles in preparing polymer/
inorganic composites. 

 Mechanical stirring [ 239 ] and ultrasonic 
energy [ 240 ] have been used to reduce agglomer-
ate formation and provide some level of particle 
dispersion during the blend processing of com-
posite. However, these effects are just temporary 
and particle agglomeration ensues once the mix-
ing energy is removed. 

 It is supposed that chemical techniques can pro-
vide more permanent effect to solve this problem 
and various methods have been developed to match 
the surface properties between fi ller powders and a 
specifi c polymeric matrix [ 241 – 244 ]. Zhang et al. 
[ 241 ] used silane derivatives as modifi cation mol-
ecules to shield hydroxyl groups (−OH) formed 
on the surface of HA to improve the interfacial 
property between the ceramic phase and the poly-
mer phase, which resulted in a 27.8 % increase in 
maximum bending strength of the HA/PLA com-
posites. Qiu et al. [ 242 ] modifi ed the surface of 
HA with L-lactic acid oligomer, and the disper-
sion of HA particles in the polymer solution was 
improved signifi cantly. The mechanical strength 
of the L-lactic modifi ed HA/PLLA composite fi lm 
was also increased [ 242 ,  243 ].β-CaSiO 3  particles 
treated with dodecyl alcohol can react with the 
Si-OH groups on the surface of β-CaSiO 3  particles 
in an aqueous solution by esterifi cation reaction. 
This modifi cation could make the β-CaSiO 3  par-
ticle hydrophobic and thus enhance its disper-
sion in the organic solvent (as shown in Fig.  4.4 ). 
The tensile strength of the modifi ed β-CaSiO 3 /
PLLA composite fi lm with 15 wt% ceramic phase 
increased 52.2 % compared to that of the unmodi-
fi ed one [ 244 ]. In addition, the modifi cation had 
no effects on the bioactivity of the β-CaSiO 3 /
PLLA composite. Our experiments also showed 
that the dodecyl alcohol on the modifi ed CaSiO 3  
particles in the composite could be removed by 
hydrolysis in boiling water. The valuable results 
are that the esterifi cation- hydrolysis process has 
improved the mechanical properties of β-CaSiO 3 /
PLLA composites, while without impairing their 
wettability and bioactivity. The same phenomenon 
was found for the 45S5/PLLA composites.
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       Concluding Remarks 

 The concept of replacement of tissues has been 
shifting to a new concept of regeneration of tis-
sues in the new century [ 142 ]. Tissue engineering 
is an effective way to achieve the goal of tissue 
regeneration. From the perspective of materials 
science, the present challenge in tissue engineer-
ing is to develop bioactive and bioresorbable 
biomaterials, which should have the ability to 
activate the body’s own repair mechanisms. An 
ideal biomaterial for bone tissue engineering 
should have favorite composition and structures 
which can facilitate cellular attachment, prolifer-
ation and stimulate osteoblastic differentiation of 
bone marrow stromal cells, and should initiatively 
participate in the activities of bone formation. 

 Generally speaking, silicate ceramics have 
superior bioactivity than phosphate ceramics. 
The former are considered as osteoconductive 
and may be considered as osteoinductive, while 
the latter are only considered as osteoconductive. 
Therefore, silicate ceramics have a more wide 
application perspective for bone tissue engineer-
ing than phosphate ceramics. 

 On the other hand, since the hard tissues in 
human body are natural composite materials, 
the composite strategy provides an effective 
way to fabricate scaffold biomaterial with tailor-
able physiochemical and/or mechanical proper-
ties. The composite scaffolds possessing both 

osteoconductivity and osteoinductivity appear to 
have great potential for bone tissue engineering 
applications. 

 In addition, the architecture of the scaffolds 
not only infl uences its mechanical properties and 
degradation behavior, but also strongly affects 
the cellular activities and nutrition supplies in 
the scaffold, which are also important factors for 
bone regeneration. Thus, the ideal scaffold mate-
rial should also have highly connective porous 
structure.     
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      Biomaterials for Total Joint 
Replacements                     
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       The European Society for Biomaterials defi nes 
a  biomaterial  “a material that interacts with the 
biological systems to evaluate, treat, reinforce 
or replace a tissue, organ or function of the 
organism” and the  biocompatibility  “the abil-
ity of a material to perform with an appropri-
ate host response in a specifi c application” [ 1 ]. 
Recently, a new concept of biocompatibility was 
suggested in relation with the new technolo-
gies [ 2 ] and the fourth generation of biomateri-
als, the so-called smart or biomimetic materials 
[ 3 ]. Biocompatibility of a biomaterials is tested 
by in vitro screening, in vivo testing and clini-
cal monitoring; each step evaluates the biologi-
cal response in different conditions. In vivo, few 

seconds after the implantation, the biomaterial is 
rapidly adsorbed by proteins, whose quantity and 
organisation depend on the characteristics of the 
biomaterial, such as chemical composition of the 
bulk and surface, surface geometry, chemical and 
physical properties and the properties of the pro-
teins. The host cells contact the protein layer: in 
total joint replacements, bone cells ongrowing on 
the prosthetic surface determine an  osseointegra-
tion , fi brous cells as  fi brous fi xation.  The produc-
tion of wear and degradation particles, inevitable 
in all TJR, determines a biological response 
defi ned as  bioreactivity ; its major determinants 
are the particle size, concentration, surface chem-
ical composition, surface energy, surface charge, 
surface roughness, particle shape and nature of 
adsorbed proteins; genetics might be infl uent in 
determining the biological response. The wear 
particles activate macrophages and initiate the 
infl ammatory cascade resulting in bone loss and 
reduced bone production, prosthetic loosening 
and eventual TJR failure. New therapeutic strate-
gies try to diminish particle- associated peripros-
thetic infl ammation modifying the monocyte/
macrophages migration and activation [ 4 ]. 

 Some wear metal particles are able to accu-
mulate in the periprosthetic tissues and enter in 
the bloodstream, and can be responsible for chro-
mosomal aberrations and DNA damage, which 
may promote cancerogenesis. Genotoxicity or 
mutagenicity, and/or carcinogenicity were dem-
onstrated in experimental studies with CoCr 

        E.  M.   Brach del Prever ,  MD      (*) 
  1st Orthopaedic Clinic University of Turin , 
 Centro Traumatologico Ortopedico ,   Torino ,  Italy   
 e-mail: elena.brach@unito.it   

    L.   Costa ,  PhD    
  Molecular Imaging Center , 
 Department of Molecular Biotechnology and 
Health Sciences, University of Turin ,   Torino ,  Italy     

    C.   Piconi ,  MSc    
  Department of Clinical Orthopedics , 
 Catholic University ,   Roma ,  Italy     

    M.   Baricco ,  PhD    
  Laboratory of Metallurgy, Chemistry Department , 
 University of Turin ,   Torino ,  Italy     

    A.   Massè ,  MD    
  Department of Orthopaedics and Traumatology , 
 University of Turin ,   Torino ,  Italy    

  5

mailto:elena.brach@unito.it


60

alloys, in accordance with epidemiological stud-
ies concerning the association of exposure to 
chromate particles and the incidence of nasal and 
lung cancer. Nickel is demonstrated to be geno-
toxic in vitro and carcinogenetic in vivo (lung and 
ethmoidal bone). However, after an average of 13 
years and up to 25 years of follow-up, no increased 
cancer risk in patients with conventional total hip 
replacements was demonstrated [ 5 – 7 ]. 

 In some previously sensitised patients, abra-
sion and corrosion products could behave like 
haptens, and the complex may stimulate memory-
lymphocytes initiating an infl ammatory process. In 
particular, metal particles can either act as haptens 
bindings to protein carriers, or as adjutants, forming 
insoluble complexes with the antigens, initiating an 
immune response. Hypersensitivity reactions have 
been reported to be more frequent with stainless-
steel or cobalt alloy than with titanium alloy; hyper-
sensitivity to polymethylmethacrylate was found to 
be 50 % in failed total hip implants. 

 The probability of developing a metal allergy 
seems to be higher post-operatively and the risk 
further increased when failed implants were 
compared with stable TJRs [ 8 ] 

    Ultra High Molecular Weight 
Polyethylene (UHMWPE) 

 A macromolecular chain of polyethylene (PE) 
can be represented by the following formula: 

 ~(CH 2 -CH 2 ) n ~ 
 There are many types of PE, all characterised 

by the same structural unit, but with different 
lengths, different space arrangements and different 
chain imperfections. In total joint replacements, 

the Ultra High Molecular Weight Polyethylene 
(UHMWPE) is used because of its biocompatibility 
and excellent mechanical properties. UHMWPE is 
a high density PE (HDPE) with molecular mass 
more than 2.000.000 amu; it is a semi-crystalline 
polymer with a set of ordered regions (crystal-
line lamellae), where macromolecules are tightly 
packed and the density is at its highest, embedded 
in a disordered amorphous phase, where macro-
molecules are randomly arranged and orientated. 
Table  5.1  shows the required characteristics of 
orthopaedic UHMWPE according to ASTM 648-
14. With an exception for the density (crystallinity 
degree is expressed as the percentage by weight of 
the crystalline regions present in the whole poly-
mer), there are virtually no superior limits for the 
other characteristics. This means that UHMWPE 
can have different starting characteristics, whether 
chemical, physical or mechanical. It is worth men-
tioning that the determination of these characteris-
tics is carried out on the original material, before 
processing and sterilisation [ 9 – 11 ].

      Processing 

 The UHMWPE powder coming from the 
Ziegler- Natta polymerisation plant is processed 
by compression moulding and ram extrusion: 
both techniques use high pressure and controlled 
heating and cooling cycles, and do not signifi -
cantly modify chemical, physical and structural 
characteristics of the starting polymer, with the 
exception of crystallinity (which is normally 
much higher in the pristine powder). Therefore 
all prosthetic components, ready to be sterilised, 
still retain all properties of the starting material.  

   Table 5.1    Requirements for UHMWPE fabricated forms, according to ASTM 648-14   

 Property (unit)  Test method 
 Requirement for 
type I (GUR 1020) 

 Requirement for 
type II (GUR 1050) 

 Density (g/cm 3 )  ASTM D-792  0.927–0.944  0.927–0.944 

 Ash (mg/kg) (maximum)  125  125 

   Tensile strength (MPa)  ASTM D 638 

   Ultimate (minimum)  40  40 

 Yield (minimum)  21  19 

 Elongation (%)  ASTM D 638  380  340 

 Izod impact strength (kJ/m 2 ) (min)  ASTM F 648–10 Annex A1  126  73 

 Charpy impact strength (kJ/m 2 ) (min)  ISO/CD 11542/2.3  180  90 
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    Sterilisation 

 The main sterilisation processes used nowadays 
employ ethylene oxide (EtO), gas-plasma (GP) 
and high-energy radiation (gamma radiation and 
electron beam) [ 9 – 11 ]. 

 EtO and GP are surface sterilization meth-
ods and do not signifi cantly affect the physical, 
chemical and mechanical properties of prosthetic 
components. GP is based on the action of ionized 
gas (i.e. hydrogen peroxide or peracetic acid). 

 Gamma radiations are emitted during decay of 
a  60 Co unstable nucleus. The dose absorbed by 
prosthetic components is about 25–30 kGy and 
depends upon the geometry of the sample and its 
position in relation with the source. 

 Electron beam is produced by thermally excit-
ing a tungsten fi lament; the emitted electrons are 
accelerated by electric fi elds up to 10 MeV and 
then conveyed onto the material to be sterilised. 
The advantages of this method are the easy con-
trol of the apparatus and the very short period of 
treatment (seconds).  

    Degradation and Oxidation 

 Gamma radiation and electron beam have a mean 
energy some orders of magnitude higher than that 
of polymeric chemical bonds and therefore gen-
erate the scission of some chemical bonds of the 
UHMWPE and formation of free radicals. If even 
a single C-C bond of the UHMWPE chain is bro-
ken and 2° CH 2  ~ radicals are formed, the length 

of the chain and consequently the molecular mass 
decrease, with worsening of some chemical and 
physical material characteristics. This process is 
called  degradation  and in presence of oxygen, 
 oxidation , which involves free radicals (Fig.  5.1 ).

   The oxidative process depends on the radicals 
(formed during sterilisation) and on the amount 
of oxygen diffused into the PE components from 
the atmosphere during processing, sterilisation if 
conducted in presence of air and storage [ 12 ]. 

 The distribution of oxidative products in the 
prosthetic component depends from the follow-
ing variables: rate at which radiations is supplied, 
temperature of the sterilisation chamber, amount 
of oxygen present in the polymer when irradi-
ated and diffused afterwards. Both in new and 
retrieved component, a  crown effect  or  white band  
was the macroscopic evidence of this oxidation, 
responsible for many severe failures (delamina-
tion and fracture) during service  in vivo  in years 
‘90’. Unfortunately, the fi rst dramatic failures of 
UHMWPE components in the mid 1980s were 
attributed to inadequate mechanical properties of 
the UHMWPE, despite the evidence that these 
properties were much better than those required 
by ASTM F648.  

    Packaging 

 An adequate packaging of the components is 
mandatory to assure the correct atmosphere in 
accordance with the chosen sterilization process; 
the packaging could be critical when high energy 

H2C-CH2-CH2 H2C—CH—CH2

H2C—CH=CH2

stable products

+ Vit E

+ Hγ or e-beam ketones, alchols,
carboxylic acids, esters

+

H2C—CH—CH2

—
—

—

CH2

CH2

CH

+ O2

  Fig. 5.1    The degradation of 
the UHMWPE induced by 
high energy radiation 
sterilization; in presence of 
oxygen, from the 
atmosphere, the process is 
called oxidation. Vitamin E 
is able to stabilize against 
oxidation       
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radiation in vacuum or inert gases to reduce oxi-
dation is used. Currently employed packaging 
can be included in three categories [ 13 ]:

 –    Gas-permeable packaging, adequate for EtO 
and GP sterilization: a polyethylene tere-
phthalate (PET) blister with a Tyvek® cover;  

 –   Polymer barrier packaging: multi-layer plastic 
bags with gas-barrier properties with limited 
but measurable permeability to oxygen;  

 –   Aluminium barrier packaging: virtually 
impermeable to gases.    

 Ultimately, a complete absence of oxidation is 
obtained only by gas-sterilisation.  

    Debris and Diffusion 

 Polyethylene debris are particles loss due to fric-
tion, caused by the reciprocal movement of the 
loaded articular surfaces: for equal mechanical 
stress, material and interface, abrasion is func-
tion of time. Whereas dramatic failures due to 
anomalous wear of heavily oxidised polyethyl-
ene have become quite uncommon nowadays, 
the production of abraded particles remains a 
problem in young patients whose life expectancy 
and quality of life are very high. The debris initi-
ate an infl ammatory reaction, the formation of a 
loosening membrane and a secondary osteolysis. 
The junctional tissue depends from number, size 
and chemical structures of UHMWPE debris. 
While pointing out that this topic is in continu-
ous development, it is important to realise that 
the debris is not just simple UHMWPE particles, 
but biologically active particles whose surface 
interact with the human tissues according with 
their macro and micromorphology, contact area, 
molecules adsorpted on their surface, superfi cial 
hydrophilic and hydrophobic character, release 
of free radicals and time [ 9 – 11 ]. 

 A process of adsorption and deep diffusion 
into the UHMWPE prosthetic components of 
organic molecules present in the synovial liquid, 
such as cholesterol, ester of cholesterol, squalene, 
β-carotene, takes place in vivo. This diffusion 
explains the yellowish colour in some retrieved 
components [ 14 ].  

    Crosslinked UHMWPE 

 To increase the abrasion resistance, crosslinked 
UHMWPE (X-PE) appeared on the market in the 
late 1990s [ 9 – 11 ,  15 ]. Crosslinking of a polymer 
is the linking of two or more molecular chains 
by means of chemical covalent bonds: macro 
radical species, formed by treatment with high 
energy, react with vinyl double bonds, linking the 
polymer chains with a C-C stable chemical bond 
and giving Y-crosslink. The X-PE can be repre-
sented as one long, branched molecule with infi -
nite molecular mass and consequent better wear 
resistance properties than standard UHMWPE, 
but also with some lower mechanical properties, 
owing to chemical and physical modifi cations 
induced by irradiation and heat treatment. 

 Commercially available X-PEs are obtained 
by different crosslinking processes, mainly based 
on gamma radiation or electron beam at doses 
ranging from 60 to 100 kGy at room temperature 
or in the molten state, depending on the manu-
facturer; the residual radicals are eliminated by 
thermal treatment, sometime at temperature 
below the melting point of the polymer (typically 
at 130 °C) (annealing). The fi nal sterilization is 
obtained by EtO or gas-plasma or, in few cases, 
by gamma radiation in low oxygen environment 
[ 12 ]. 

 Due to different crosslinking processes, the 
commercial X-PEs can be very different with 
variable properties, while standard UHMWPE 
has and maintain its properties if processed and 
sterilised in adequate ways. 

 Even if dramatic oxidation levels are not 
observed in newly produced UHMWPE compo-
nents, it must be kept in mind that also very low 
oxidation levels can lead to signifi cant variations 
in the mechanical properties of the polymer.  

    Vitamin E Stabilised UHMWPE 

 Vitamin E or, better, its synthetic derivative, alfa- 
tocopherol, is employed to stabilize UHMWPE 
against oxidation (ASTM F2695-12). As already 
pointed out, PE is easily subject to oxidation, 
which strongly compromises their mechani-
cal properties. The oxidation is basically due to 
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the reaction between macroradicals and oxygen 
diffused into the polymer from the surround-
ing atmosphere; Vitamin E decreases the macro 
alkyl radicals available to react with the oxygen 
and thus to a signifi cant slowdown of the oxi-
dative cascade [ 9 – 11 ,  15 – 17 ]. Unfortunately, a 
decreased number of available alkyl radicals is 
also responsible for a lower effi ciency of cross-
linking at the same radiation dose, but a correct 
vitamin E concentration and radiation dose deter-
mine an oxidatively stable UHMWPE, without 
the need of a further thermal treatment, with 
enough crosslink density and consequent resis-
tance to abrasion.   

    Polymethylmethacrylate, 
the Orthopaedic Cement 

 Orthopaedic cement is basically poly(methyl 
methacrylate) (PMMA) obtained by polymeris-
ing the methyl methacrylate monomer (MMA) 
[ 18 ,  19 ]. Usually it is supplied in two separate 
packages: a brown coloured vial (in order to 
avoid any negative infl uence of the light on the 
monomer) containing about 20 ml of transparent 
liquid, and one package or two containing 40 g 
of powder. The liquid contains: MMA, usually 
N,N dimethyl-p-toluidine (DMPT) to accelerate 
the polymerisation process in presence of radi-
cals, and traces of hydroquinone to avoid prema-
ture polymerisation of the monomer. The powder 
is formed by pre-synthesised PMMA (at times 
polymethylmethacrylate-styrene as copolymers 
are used), dibenzoyl peroxide (DBP) and barium 
sulphate (or zirconium dioxide), the latter may 
be supplied in a separate package. PMMA is in 
the shape of spherical particles having a vari-
able diameter between 30 and 250 μm; the size 
of the particles determines the viscosity of the 
cement. When the contents of the two packages 
are mixed, DBP initiates the radical process of 
polymerisation through polymerisation accelera-
tor and the effect of polymerisation heat. Barium 
sulphate makes the cement radio-opaque. 

 Cements produced by different industrial com-
panies have different chemical-physical charac-
teristics and mechanical properties due various 
components and their relative concentrations. 

 Bone cement preparation is characterised by 
three phases: the wetting phase corresponds to 
mixing the solid part with the liquid, the setting 
phase (divided into ‘dough time’ and ‘work-
ing time’) corresponds to the initial polymeri-
sation process (about 5 % of total), the curing 
phase corresponds to the fi nal hardening phase 
and completion of the polymerisation process. 
During mixing, benzoyl peroxide, present on 
the surface of the PMMA powder, and DMPT 
present in the liquid, interact and the polymeri-
sation process starts, mainly on the surface of 
the pre-synthesised poly(methyl methacrylate). 
Working time starts when a “dough” is obtained 
which no longer sticks to gloves and tempera-
ture increase of the cement is minimal, corre-
sponding to minimal transformation of MMA to 
PMMA. The fi nal polymerisation phase is char-
acterised by the rapid increase of polymerisation 
rate and temperature. The time required for the 
various phases depend mainly on the tempera-
ture in the operating theatre: a 10 °C increase 
causes polymerisation to start twice as quickly, 
cutting mixing times by half. After polymeriza-
tion, less than 5 % of MMA remains free and this 
percentage may slowly spread into the body. The 
MMA polymerization reaction is exothermic; the 
high temperature favours DBP decomposition 
leading to an increase in radical formation and 
consequently an increase in polymerization pro-
cess. Therefore, polymerization speed is initially 
minimal and gradually increases. Where process-
ing carried out in adiabatic conditions, the bone 
cement temperature would reach 160 °C. The 
actual temperature reached by the cement dur-
ing the surgery depends on the balance between 
quantity and speed with which the heat is pro-
duced, and how easily the heat is dispersed from 
the surface into surrounding tissues. At the inter-
face with spongy bone, due to vascularisation 
and the trabecular shape of the bone itself, tem-
peratures of 60 °C can be reached, while in the 
centre of the mass of cement the temperature is 
higher than 100 °C. Schematically cement pro-
duces heat in function of the used amount, and 
the temperature at the interface increases with the 
higher quantity of cement. Based on this assump-
tion, an adequate surgical technique can lower 
the temperature at the interface by using both 
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an adequate and not too thick layer of cement, 
and washing liquids in the fi nal polymerization 
phase. Some cements are declared as “low tem-
perature polymerization”. They are characterised 
by a lower ratio monomer MMA/polymer that 
proportionally lowers the heat developed during 
transformation of monomer into polymer. High 
temperature is sought when the cement is used 
as adjuvant in bone tumours to ensure “sterilisa-
tion” of a bone surface from which the tumour 
has been removed; therefore in oncological sur-
gery, standard PMMA is useful. 

 During polymerization reaction, a theoretical 
volumetric shrinking of the PMMA takes place 
proportional to the amount of MMA used; in the 
orthopaedic cement, the volumetric shrinking is 
7 % of the initial volume. Another characteristic 
of cement is the porosity due to CO 2  formed dur-
ing decomposition of the initiator, MMA mono-
mer evaporation, air-bubble formed during hand 
preparation of the mixture, and the expansion 
due to temperature increase during polymerisa-
tion. In actual orthopaedic cements, the vacuum 
technique preparation decreases air- bubble for-
mation; other factors cannot be eliminated. 

 Antibiotic-loaded cements are used in order to 
obtain a greater quantity of local antibiotic and 
to reduce the systemic quantity, thereby decreas-
ing general toxicity; they are whether industrially 
packaged or prepared in the operating theatre 
according to the antibiogramme [ 20 ]. The state 
of the art on how the antibiotic manages to act 
is the following: the antibiotic, when soluble in 
water, dissolves from the surface of PMMA into 
the tissues; antibiotic molecules of notable size 
are physically blocked inside the bone cement 
and, therefore, cannot spread from inside the 
cement to the surface. The dissolution process 
depends on the type of antibiotic, on the charac-
teristic of the surface of the cement and on the 
way the cement itself is prepared. When the anti-
biotic is added to the cement during preparation 
of the cement itself, that is in the operating room, 
only a small part of the antibiotic molecules are 
casually on the surface of the cement and will be 
able to dissolute. This process explains why the 
actual antibiotic-loaded cements have a limited 
antiseptical action.  

    Ceramic Biomaterials 

 Ceramics are solid materials, which have as 
their essential component inorganic non-metallic 
materials. In joint replacements oxide ceramics 
are used as components of the artifi cial joint (ball 
heads and inserts in hip replacements, femo-
ral component in knee replacements, glenoid in 
shoulder replacements), while calcium phosphate 
ceramics (CPCs) are used as osteoconductive 
coatings on metal alloy components. 

    Oxide Ceramics 

 Two ceramic oxides are used in joint replace-
ments: alumina and zirconia. Both are ionic sol-
ids, the high energy of the chemical bond giving 
them a high resistance to the corrosion, hardness, 
stiffness. The chemical stability of these oxides 
is the root of the excellent biological safety of 
their wear debris, a behaviour relevant for their 
intended use in arthroprostheses’ bearings [ 21 ]. 
So far (end 2014) more that 80 % of Total Hip 
Replacements (THR) in Italy, France, Germany 
and Austria are making use of ceramic ball 
heads, as well as in Japan and Korea, while in 
the USA ceramic ball heads are used in about 
20 % of THR only. The market leader CeramTec 
GmbH (Plochingen, Germany) declared to have 
sold by 2014 ten million of BIOLOX® ceramic 
bearing components. The behaviour of selected 
oxide ceramics is shown in Table  5.2 .

      Alumina 
 The development of alumina (aluminium oxide – 
Al 2 O 3 ) as a biomaterial began in the mid-60s, the 
behaviour of alumina components (say total hip 
replacement – THR ball heads) were improved 
continuously over more than 40 years of clini-
cal use, making alumina one of the better char-
acterised biomaterials [ 22 ]. The material used in 
biomedical application is α-alumina, known as 
 corundum , one of the most stable oxides, unaf-
fected by corrosion (e.g. absence of ion release 
from bulk materials and from wear debris) in 
the most adverse conditions. The biocompat-
ibility of alumina is a well-established property. 
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Notwithstanding the improvements introduced 
in the processing of alumina ceramics for clini-
cal applications, the weak point of this alumina 
remains its low toughness that limits the fl ex-
ibility in design of alumina components. For this 
reason, alumina components today are used in 
about 15–20 % only of the ceramic implants, the 
balance being alumina-zirconia composites (see 
section on “ Alumina-Zirconia Composites ”).  

    Zirconia 
 Zirconia (zirconium dioxide – ZrO 2 ) ceramics 
were developed and introduced in clinical use 
in the late 80s to overcome the toughness limi-
tation of alumina. The early developments were 
oriented towards Magnesia-Partially Stabilised 
Zirconia (Mg-PSZ), in which the tetrago-
nal phase is present within large cubic grains 
(Ø40 ÷ 50 μm) forming the matrix, a coarse struc-
ture that may negatively infl uence the wear prop-
erties of joints. Most of the developments were 
focused on Yttria stabilised Tetragonal Zirconia 
Polycrystal (YTZP), a ceramic constituted by 
tetragonal grains some hundreds of nanometer in 
size which has been a standard bearing material 
in orthopaedics up to the year 2000. The struc-
tural applications of zirconia ceramics are based 
on the constrained tetragonal- to- monoclinic 
(t-m) phase transformation, which acts as a dissi-
pative mechanism for fracture energy. Briefl y, the 
phase transformation is associated to the expan-
sion of zirconia lattice (4 vol% in free grains) 
and to its change in shape of the crystal cells that 

have to overcome the constraint of the matrix 
grains. The process takes place at the expenses of 
the elastic energy fi eld (tensile) associated to the 
developing crack, that to advance has in addition 
to win the compressive stress fi eld due to grain 
t-m transformation. At a macroscopic level, this 
results in a toughened ceramic material, having 
bending strength twice the one of alumina (900–
1100 MPa Vs. 500–600 MPa). 

 The t-m phase transformation that gives to 
zirconia its interesting behaviour is also its main 
drawback: zirconia is a metastable material, and 
its clinical outcomes were contradictory [ 23 ]. 
The worldwide recall of the zirconia Prozyr® 
ball heads made by Saint Gobain Advanced 
Ceramics Desmarquest (Evreux, France) led to 
the practical abandon of zirconia in arthroplasty, 
where thus far it is still used in some niche prod-
ucts only. On the other hand, zirconia has found 
recently a wide fi eld of application as a bioma-
terial in dentistry, for the construction of dental 
implants, and of the structure of crowns, bridges, 
dentures by CAD-CAM processing of presin-
tered blanks [ 21 ]. 

 Zirconia is also used as a coating obtained 
by in-situ oxidation of zirconium-2,5Nb alloy 
(Oxinium®, Smith & Nephew, London, UK). 
In spite of many claims of good wear proper-
ties following total knee replacement either total 
hip replacement with OxZr femoral component, 
doubts have been recently raised about this tech-
nology in terms of wear reduction both in terms 
cost/benefi ts gains. Namely, due to its thickness 

   Table 5.2    Indicative values of selected properties of selected oxide bioceramics   

 Properties (unit)  Unit  BIOLOX® forte   Prozyr®  BIOLOX®delta 

 Usual name  Alumina  Zirconia 
 Y-TZP 

 Alumina Matrix 
Composite (AMC) 

 Chemical composition  wt %  >99.8 Alpha-Alumina  ZrO 2  + 5,1 % 
Y 2 O 3  

 Al 2 O 3 : 74 
 Y-TZP: 24 
 Other oxides: 2 

 Density  g/cm 3   3.97  6.08  4.37 

 Average grain size  μm  1.75  <0.5  0.56 (Al 2 O 3 ) 
 0.15 (Y-TZP) 

 Bending strength  MPa  630  >1500  1390 

 Fracture toughness  MPa m ½   3.2  9  6.5 

 Elastic modulus  GPa  407  200  358 

 Hardness  HV  1975  1200  1760 
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(5 μm) the surface zirconia scale can be easily 
scratched by third bodies, leading to the increased 
wear of the polyethylene counterface [ 24 ].  

     Alumina-Zirconia Composites 
 The abandon of zirconia opened a technological 
gap in arthroplasty. Then, manufacturers focused 
their attention of alumina zirconia composites, 
especially on two classes of materials called 
Zirconia-Toughened Alumina (ZTA) when alu-
mina is the main component and zirconia the bal-
ance, either Alumina-Toughened Zirconia (ATZ) 
when the main component is zirconia. 

 The fi rst material of this class used in clinics is 
BIOLOX®delta (Ceramtec GmbH, Plochingen, 
Germany), which is formed by a matrix of chro-
mia-doped alumina containing 17 vol% Y-TZP 
and 1 vol% of strontium zirconate platelets. For 
its peculiar microstructure, this material do not 
belong to any of the formerly described classes, 
and was identifi ed as AMC: Alumina Matrix 
Composite. The fi nely and homogenous distribu-
tion of Y-TZP both of the platelets is obtained by 
nucleation within the alumina matrix during the 
sintering cycle. 

 The high bending strength and toughness of 
BIOLOX®delta in comparison with alumina 
and Y-TZP is due to the constrained t-m trans-
formation of the zirconia grains: the transforma-
tion imply the compressive deformation of the 
alumina matrix that has an elastic modulus (e.g. 
stiffness) twice the Y-TZP one (407 GPa Vs. 
200 GPa). This increase the energy dissipated in 
the phase transformation. In addition, the plate-
lets in BIOLOX®delta having width/length ratio 
1:10 perform as a fi bres reinforcing the material 
contributing to increase the material toughness. 
By December 2014 more than four million ball 
heads, inserts and condyles for knee replace-
ments made out BIOLOX®delta have been sold 
worldwide, making this composite the standard 
“ceramic” in arthroplasty.   

    Nitride Ceramics 

 While titanium nitride (TiN) is clinical since a 
long while as a protective coating on metallic 

component of joint replacement bearings, bulk 
silicon nitride (Si 3 N 4 ) has been tested for use in 
THR cups coupled to metallic either ceramic ball 
heads, but the future of this ceramic in arthro-
plasty remains still unclear [ 25 ].  

    Complications with Ceramic Bearings 

 Due to the improvements introduced in manufac-
turing, fractures of ceramic composites is today 
a very rare event. Arthroprostheses Registry data 
show that revision for fracture of ceramic compo-
nent occurs with a frequency lower that the one 
of stem/neck fractures, either of collapse of the 
polyethylene inlays [ 26 ]. Fractures are typically 
associated to severe trauma either to technical 
errors in handling the ceramic components. Insert 
fractures are especially due to intraoperative mis-
positioning while the orientation of the cup is 
the reason of edge loading of the bearing com-
ponents. Recently much attention was devoted 
to noises from THR bearings. Spectrum analysis 
demonstrated that the acoustical vibrations are 
depending on specifi c features of the implants. 
This explains also the prevalence of the prob-
lem in some Countries and its absence in others, 
likely due to the distribution of the devices [ 27 ].  

    Calcium Phosphate Ceramics 

 Calcium phosphate ceramics (CPCs) are since a 
long time used to give bone-bonding behaviour 
to the surfaces of metallic joint replacements 
(e.g. on THR stems) to enhance bony fi xation. 
CPC osteoconductive coatings are a well estab-
lished technology in joint replacements and long 
term follow-ups confi rm the results obtained 
in early works [ 28 ]. CPC are a family of com-
pound with different in vivo behaviour depend-
ing on a number of parameters especially on 
Ca/P ratio the most stable being Hydroxyapatite 
Ca 10 (PO 4 ) 6 (OH) 2  [ 29 ]. 

 Osteoconductive CP coatings are made by 
plasma spray. A critical aspect in this technol-
ogy is the Ca/P ratio of the starting powder and 
its crystallinity. Powder experience a severe 
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 heating/cooling thermal cycle during this pro-
cess. Formation of amorphous phases and of 
resorbable calcium phosphate ceramic (CPC) 
compounds, segregation of CaO and oxidation 
reactions must be carefully controlled. Namely, 
the rate of bone formation and the resorption 
of coating and its mechanical stability (shear 
strength, bond strength, fatigue life) are depend-
ing on a number of parameters, like e.g. pres-
ence of leachable phases, crystallinity, residual 
 porosity [ 30 ].   

    Metallic Materials for Joint 
Prosthesis 

 Metallic materials with industrial relevance for 
joint prostheses belong to three main groups 
[ 31 – 36 ]: (i) stainless steel; (ii) alloys based on 
the Co-Cr system; (iii) Ti and its alloys. (i) The 
austenitic AISI 316 stainless steel was the fi rst 
material used for orthopaedic implants. When it 
is specifi ed as AISI 316 L, the carbon content is 
limited to 0.03 wt% for improving the corrosion 
resistance of this material. (ii) Co-Cr based alloys 
have been used for total joint prostheses since the 
early 1900s and are originating from modifi ca-
tions of dentistry alloy Vitallium (Haynes Stellite 
alloy N. 21). They combine good mechanical 
properties with a high biocompatibility, due to 
the presence of Cr, which forms spontaneously 
a protective oxide layer. The carbon content in 
the alloy must be carefully controlled, because 
the formation of carbide phases may be detri-
mental for mechanical properties. (iii) Ti and 
Ti-based alloys are widely used as biomaterials 
for their high biocompatibility, mainly due to a 
high corrosion resistance related to the forma-
tion of a passive oxide layer at the surface. Good 
mechanical properties and low density constitute 
an additional benefi t for joint prostheses produc-
tion. Commercially pure (cP) Ti is used in differ-
ent grades, as a function of the oxygen content 
as impurity. Common Ti-based alloys contain 
aluminium (Al) and vanadium (V), the last often 
substituted by Niobium (Nb) in order to increase 
biocompatibility. The main components and 
physical properties of most widely used metallic 

biomaterials for joint prosthesis are collected in 
Table  5.3 .

   The industrial production of metallic com-
ponents for joint prosthesis may be carried out 
in different steps. As a fi rst step, raw metals and 
alloys are processed into stock shapes, such as 
bars, sheet, rods, plates, tubes, wires and pow-
ders. The second processing step is used to tai-
lor the microstructure of the alloy, which is 
strongly related to the mechanical properties of 
the implant, by means of thermo-mechanical 
treatments. The transformation of stock materi-
als into fi nal products may be obtained by invest-
ment casting, machining, forging, and sintering. 
Techniques used to manufacture various alloys to 
produce metallic biomaterials for joint prostheses 
are collected in Table  5.4 . Surface coatings aimed 
to improve functional properties of implant (i.e. 
biocompatibility, bone fi xation) are often added 
as a fi nal step. Functionality and duration of 
implants in a physiological environment are 
very sensitive to surface properties, which may 
be considered the most important and selective 
aspect for joint prosthesis selection. Surface 
treatments are mainly aimed to increase hard-
ness and strength of the surface layer, in order 
to improve the resistance to wear and corrosion.

   Even if metallic biomaterials show good static 
mechanical properties, they may suffer signifi -
cantly for fatigue failures [ 37 ]. Fatigue strength 
is defi ned as the highest periodic stress that does 
not initiate a failure of the material after a given 
number of cycles. For hip prostheses, an average 
of 2 · 10 6  stress cycles per year can be estimated, 
so that more than 10 8  cycles may be applied dur-
ing a lifetime. The applied stress for fatigue fail-
ures is in the elastic region of the static loading, 
so that fatigue strength is signifi cantly lower than 
ultimate tensile strength. Metallic biomaterials 
have fatigue strengths in air generally well above 
the minimum required for joint prosthesis appli-
cations. Mechanical properties of most widely 
used metallic biomaterials for joint prostheses 
are collected in Table  5.3 , together with those of 
cortical bones for comparison. 

 Total joint replacements are subjected to 
wear and abrasion so that the resistance against 
them is an important criterion for biomaterials. 
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High carbon Co-Cr based alloys (F75) improve 
signifi cantly mechanical properties after work-
ing, so that small plastic deformations at the 
surface signifi cantly increase the hardness of the 
alloy and, as a consequence, its wear resistance. 
In addition, the presence of fi ne dispersed hard 
carbides increases the wear resistance of these 
alloys. Oxide fi lms formed by passivation at 
the surface of the Cr and Ti containing alloys 
are generally resistant to abrasion [ 38 ]. Load 
required to fracture the oxide surface fi lm is 
lower for Ti-based alloys with respect to Co-Cr 
based alloy. 

 In conclusion, the ideal alloy should have the 
elastic modulus of bone, the strength of cobalt–
chromium alloys, the corrosion resistance and 
biocompatibility of titanium alloys, and the fab-
rication cost of stainless steels [ 35 ,  36 ]. Each 
material has advantages and disadvantages, 
which drive applications. Stainless steels have 
good corrosion and fatigue resistance in short- 
term applications, have a low cost and they are 
easy to be machined, but tend to be corroded in 
long-term applications, have a high elastic mod-
ulus and can produce Ni and Cr allergy. Co-Cr 
based alloys show long-term corrosion resis-
tance, a high fatigue and wear resistance and a 
good biocompatibility, but they are diffi cult to 
machine, and thus expensive to process, and, like 
stainless steel, they suffer for a high elastic mod-
ulus and Ni and Cr allergy. Ti-based alloys have 
a low density, joined with a relatively low elastic 
modulus, show the greatest corrosion resistance 
and have an excellent biocompatibility, but they 
have a relatively low shear strength and wear 
resistance and are quite expensive. As far as con-
cern the total hip replacement, Table  5.5  reports 
the types of bearing types implanted in Italy on 
2014 [ 39 ].
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   Table 5.4    Techniques used to produce metallic biomaterials for total joint replacements   

 Technique  Stainless steels  Co-Cr based alloys  cP-Ti  Ti based alloys 

 Casting  Not used  Investment casting  Diffi cult  Diffi cult 

 Machining  Possible  Diffi cult  Possible  Possible 

 Cold working  Rolling  Diffi cult  Rolling  Diffi cult 

 Hot working  Wrought, forged  Wrought, forged  Not used  Wrought, forged 

 Sintering  Possible  Hot isostatic pressing  Not used  Not used 

 Thermal treatments  Recrystallisation  Precipitation hardening  Recrystallisation  Precipitation hardening 

   Table 5.5    Types of total hip replacement bearings 
implanted in Italy on 2014   

 Bearing type 

 Share (%)  Head  Cup 

 Ceramic  Polyethylene  50.7 

 Ceramic  Ceramic  28.5 

 Metal  Polyethylene  16.7 

 Metal  Metal  2.8 

 Ceramic  Metal  0.7 

 Metal  Ceramic  0.5 

 Other  0.2 

  Data from Torre et al. [ 39 ]  
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         Introduction 

 When there is a considerable loss of bone sub-
stance after the excision of a large tumor in the 
pelvis, it is always diffi cult to reconstruct the cot-
yloid cavity. A massive metal prosthesis fi xed on 
the remaining bone with a plate, screws, or cement 
is often unstable. Fixation of the greater trochan-
ter on the remaining bone, whether the sacrum 
or the wing of the ilium or, as some authors sug-
gest, the fact of leaving a swinging hip, makes it 
diffi cult for the limb operated on to bear weight. 
We are of the opinion that the best way to return 
relatively satisfactory function to the limb is to 
replace the head of the femur, using a massive 
allograft. Autografts are not suffi ciently large to 
replace the loss of substance, even though they 
alone are osteo-forming and when incorporated 
into the skeleton have undeniable mechani-
cal properties. Other types of grafts have to be 
used. Our decision to use a massive allograft is 
essentially linked to the rapid  muscular refi xation 

which it allows and the anatomical reconstruc-
tion of the pelvic ring on which a normal hip 
prosthesis has to be supported. 

 Since 1982, we have chosen to use massive 
cryopreserved and non-irradiated allografts 
because the experimental and clinical results 
seem to show that secondary irradiation of the 
allografts signifi cantly reduces their mechanical 
strength in the short and medium term (and does 
not give complete safety from viruses). We pre-
fer to use a bone removed under sterile and safe 
conditions at the fourth month rather than a bone 
removed under non-sterile conditions and irradi-
ated later. The irradiation of tissue in the paste 
phase (as frozen bone is) requires doses of irra-
diation which are far higher than those usually 
used, or for the graft to be thawed. Freezing it 
again subsequently is not biologically satisfac-
tory in our opinion. If the intention is to irradiate 
it before freezing, the waiting times are harmful 
to the mechanical quality of the bone, cartilage, 
or ligament allograft.  

    History 

 In 185 AD, Cosmas and Damian, the patron 
saints of surgeons, were canonized because they 
performed a posthumous miracle by grafting the 
limb of a person who had died onto the sacristan 
of their basilica in Rome, who had a tumor of the 
tibia. It was the fi rst massive allograft reported 
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in history (grafting a human bone onto another 
human being). 

 Larrey tells the story of a Polish nobleman 
who had been struck by a Tartar’s saber and had 
lost part of the top of his cranium. Seeing a large 
dog passing close by, he decided to graft the 
dog’s cranium onto his head. He then noted that 
it bonded very well. This was the fi rst xenograft 
(graft from an animal onto man). 

 As it is not possible to graft a large part of a 
bone or joint from one and the same subject onto 
a different site in the same person (autograft), it 
was necessary to develop bone preservation pro-
cedures and to create a tissue bank. Ollier [ 1 ] is 
the nineteenth-century author who most studied 
the various types of graft, whether autologous 
grafts, allografts, or xenografts. Many other 
cases where massive grafts were used have also 
been published by Albee [ 2 ], Abbot and et coll 
[ 3 ], Sicard and Binet [ 4 ], Sicard and Brièse [ 5 ], 
Sicard [ 6 ], Sicard and Gaudart d’Allaines [ 7 ], 
Sicard and Mouly [ 8 ], Judet [ 9 ], Judet and Arviset 
[ 10 ], Judet et al. [ 11 ], Ottolenghi [ 12 ], and Parrish 
(1972, 1973) [ 13 ,  14 ], but although in more than 
50 % of cases these grafts gave results considered 
to be satisfactory, 15–20 years later, the problems 
posed by removing, sterilizing, and storing them 
deterred some surgeons, who turned towards 
other procedures for reconstructing the skeleton. 

 The progress made in cryopreservation, as 
well as in understanding the immunological and 
biological information provided by grafts, has 
meant that for 15 years now the use of preserved 
allografts has returned to popularity. In 1979 
we saw the possibility of preserving large bone 
and cartilage fragments and set up a bone bank 
in Marseilles Poitout [ 15 ,  16 ] and Poitout and 
Novakovitch [ 17 ]. In 1978 we became interested 
in the problems posed by the removal, preserva-
tion, and use of bone from bone banks. Several 
preservation methods have been suggested since 
the use of allografts was considered. The tech-
niques employed used: 

  Liquid Preservatives     alcohol, phenol, ether, 
hydrochloric acid, or the sublimate among other 
things adversely alter the bone architecture 
more or less rapidly and destroy the cells inside. 

Furthermore they often have an inhibiting effect 
on osteogenesis, which in general led to their 
being abandoned [ 18 ].  

  Sterilization by Boiling     studied by Gallie in 
1912, was heavily used until 1920, in particular 
by Rouvillois’ team. But problems with prepar-
ing the grafts and the many cases of resorption 
reported meant that this type of sterilization was 
abandoned; it appears to be becoming popular 
again.  

  Drying in a Vacuum or Lyophilization     makes it 
easier to store products prepared by this method. 
However, as it destroys the rigidity of the bone 
structure, it makes them brittle. Bone crumbles 
under cutting forceps and is not mechanically 
adequate to withstand the usual mechanical 
stresses. Therefore, they cannot be used to replace 
massive diaphyseal bone segments or articular 
surfaces [ 19 ].  

  Ethylene Oxide     would certainly be an excel-
lent method for sterilizing bone grafts if the gas 
stayed inside the tissues during storage and if it 
did not lead to the formation of toxic and even 
carcinogenic products.  

  Irradiation     has disadvantages as well as advan-
tages. The legal dose is 2.5 megarads. At this dose 
we are going to destroy the bacteria as well as all 
the cells but it is not certain that all the viruses will 
be inactivated and destroyed. The irradiation dose 
needed to completely disorganize their DNA or 
RNA molecules would be very high and would at 
the same time lead to the destruction of the chains 
of protein molecules which form the architecture 
of the bone [ 20 – 23 ]. As far as osteocartilaginous 
parts are concerned, this method of preservation 
cannot be considered because it alters the cartilag-
inous structure of the graft profoundly. Therefore, 
in spite of certain undeniable advantages, such as 
that of allowing grafts to be removed in a non-
sterile environment (which seems to us to be 
debatable), we have not used it [ 24 ].  

 Bone, cartilage, or ligament grafts are used 
more and more frequently for treating bone 
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tumors, performing reconstructive surgery after 
multiple operations such as, for example, on the 
hip and pelvis, or following traffi c accidents. For 
the fi rst time we are reconstructing the skeleton 
by bringing in new bone which will assimilate to 
the skeleton in a few months or years, whereas, 
to date, bone fragments were removed to be 
replaced by prostheses, which have a limited life. 
Currently 15–20 % of rejections can be solved by 
using anti-rejection drugs (Sandimmum®). 

  Cryopreservation     Since 1876, Ollier recom-
mended cryopreservation and had even published 
an experimental study on processes for preserv-
ing bone and periosteum grafts at −2 °C. In 1948 
Jean and Robert Judet defi ned the broad lines of 
the cryopreservation processes. In Aix-les-Bains, 
Herbert organized the fi rst reserve of frozen tis-
sue and in 1951 at the Hôpital Beaujon in Paris, 
Sicard created the fi rst bank of frozen bone tis-
sue. Since 1979 we have been preserving mas-
sive osteocartilaginous grafts in liquid nitrogen 
at −196 °C [ 25 ,  26 ]. This method allows whole 
bones to be preserved indefi nitely and preserves 
the viability of the cartilage cells. To prevent ice 
macrocrystals forming, it is necessary to impreg-
nate the bone or cartilage tissues with a suitable 
cryoprotector (10 % DMSO). If we use relatively 
conservative storage temperatures (higher than 
−20 °C), the enzymes present in the tissues are 
not inactivated and will destroy the graft in a few 
weeks. At −80 °C (the limit for electric freezers), 
enzyme action, although being clearly reduced, 
is not totally prevented, because at this tempera-
ture only the collagenase is inactivated. On the 
other hand, DMSO has a prolonged effi cacy limit 
of around −60 °C (eutectic point). Above this, 
the ice macrocrystals can combine again into 
macrocrystals and burst the cells and disrupt the 
architecture. At −196 °C, all enzyme activity is 
stopped and tissue preservation is unlimited. The 
temperature of the graft must not be lowered too 
wuickly and it will be necessary to vary the rate 
of the lowering in accordance with the tempera-
ture obtained. After studying the percentage of 
live cartilage cells after thawing, it seems to us 
that the optimum curve is 2 °C per minute down 
to −40 °C, then 5 °C per minute down to −140 °C, 

the temperature at which the graft is then plunged 
directly into a tank of liquid nitrogen where it 
will be stored.  

 Thawing, on the other hand, has to be quick 
so that the largest number of cells stay alive. 
Plasma or Ringer’s lactate solution at 40/41 ° will 
be used to thaw out and wash the grafts, which 
will also eliminate the DMSO. Bone fragments 
are usable for a period of approximately 24–36 h 
approximately 2 h after having been removed 
from the liquid nitrogen tank, which allows them 
to be taken to any point in Europe. They cannot, 
of course, be refrozen after thawing. 

 From 1978 to 1983 studies were carried out in 
the Blood Transfusion Center where a tissue 
bank has been created in order to prepare bone 
for preservation. After various attempts, it was 
decided to use a programmed drop in tempera-
ture up to −140 °C, with preservation being in 
nitrogen vapor at −150 °C or in liquid nitrogen at 
−196 °C. It was then necessary to develop ways 
of removing the tissue. These discussions took 
place in the context of the national “France- 
Tissues” association, then with the collaboration 
of the French Graft Institute. Ever more stringent 
controls make it possible to guarantee the sterility 
of the fragments supplied and currently two suc-
cessive controls, with an interval of 4 months 
between them, make it possible to deliver parts of 
various sizes 4 months after removal under 
wholly sterile conditions. In order to allow surgi-
cal teams from the private sector to benefi t from 
the same safety when using tissue fragments, we 
gave them access to the bank, where they sent the 
femoral heads removed. The fragments they need 
are supplied to them after the usual sterility 
checks. In view of their number, femoral heads 
are sent by the Tissue Bank on a simple request, 
but where the massive removal of tissue is con-
cerned (femur, tibia, pelvis, etc.) performed at the 
AP-HM (hospital), the consent of the referrer is 
required. These fragments, which are few in 
number, are delivered according to the instruc-
tions given by the surgeons. Grafts are sent 
throughout France. Owing to this chain of good-
will, we have been able to carry out more than 
5,000 grafts. 
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 A surgical world fi rst was performed in 1985 
by Professors Poitout and Trifaud, which con-
sisted of replacing a complete femur with a bone 
from the bone bank sheathing a hip prosthesis 
and a knee prosthesis. However, in order to be 
able to perform these grafts, we should remem-
ber that they had to be removed and preserved. 
Informing the public and carers is therefore of 
prime importance if we are to collect as many 
grafts as possible which are going to give appre-
ciable relief to patients for whom other surgical 
techniques would be far too incapacitating.  

    Bone Replacement Materials 

 Pride of place is currently reserved for bone grafts. 

    Autografts 

 Being osteo-forming, autografts alone can induce 
the formation of new bone and promote the heal-
ing of a fracture or the assimilation of an allograft.  

    Allografts 

    Immunology of Bone Allografts 
 The immune response is said to be  matrical  when 
there is a specifi c response to molecules isolated 
from collagen or from proteoglycans. It appears 
that this response is practically non-existent in 
the case of massive bone allografts. On the other 
hand, the  cellular  immune response caused by 
cells contained in the bone marrow (osteoblasts, 
osteocytes, fi broblasts, fat, vascular, nerve, or 
hematopoietic cells) is important provided, how-
ever, that all the cells are alive [ 27 – 30 ]. Clinically, 
rejection reactions occur infrequently (10 % delay 
in healing and 10 % true rejection with the graft 
having a lytic appearance), in spite of the use of 
massive diaphyso–metaphyso–epiphyseal grafts. 
When the osteosynthesis material is removed and 
a few years later a biopsy is carried out at the 
site of the graft, the HLA haplotype is always that 
of the host. And if a systematic study is carried 
out of the HLA groups of donors and hosts every 

month, after an allograft, if a monoclonal anti-
body specifi c to the HLA group of the donor is 
used, we can see that in 80 % of cases no immune 
HLA antibodies specifi c to the donor appear. The 
immune HLA groups which may appear after 
the graft are connected with the introduction into 
the body of leukocytes from the blood transfu-
sions usually accompanying grafts. The preserva-
tion methods (lyophilization or freezing) do not 
signifi cantly change the extent of the immuno-
logical responses:   

    Fate of the Grafted Tissue 

 The allograft does not assimilate with the host 
bone as it is; it undergoes resorption and then 
reconstruction phenomena which end in the for-
mation of new bone which, in time, will replace 
the graft [ 31 – 33 ]. The mechanisms governing the 
assimilation of the graft are now well known and 
were already being mentioned by Sicard more 
than 30 years ago. 

 It is necessary to stress the importance of: 
 Age: the younger the graft, the better the 

assimilation of the allograft. 
 The fi xing ability of the graft, which is essen-

tial if it is to be rehabilitated. Indeed, the pre-
carious nature of the vascularization of the graft, 
particularly at the beginning of its recolonization, 
means that it must be particularly fi rmly fi xed 
and attempts must be made to achieve optimum 
contact between the bone surfaces. 

 The site of the graft, which is decisive for its 
assimilation (muscular environment). If a corti-
cal allograft is placed outside its usual location, 
far from a bone bed and an adequate muscular 
environment, it will most frequently be resorbed, 
which seems to indicate that there is a local stim-
ulus promoting its incorporation. This promoting 
substance may be Urist’s PBH (or even “osteo-
genin” already mentioned by Lacroix in 1950) 
which is thought to be a substance produced 
by live undifferentiated mesenchymatous cells 
[ 34 – 36 ] 

 The size of the graft. 
 Initially, the contours of the graft grow blurred, 

the bone becomes rarifi ed and then fuses with the 
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adjacent bone. Secondly (around 12–18 months), 
there is densifi cation of the allograft which indi-
cates the new bone formation which surrounds 
the graft and consolidates it (Buchardt).  

    Biomechanics 

 The revascularization of the graft will only be 
superfi cial and only exceptionally and at a very 
late stage will it be possible to see deeper assimi-
lation of the latter [ 37 ]. It also appears to be 
desirable for this bone lysis to only appear at as 
late a stage as possible because during the period 
of revascularization, the mechanical strength of 
the graft will fall by around 50 % between the 
12th and the 18th month and it is therefore neces-
sary to have attached it suffi ciently fi rmly to be 
able to bear the stresses acting on the graft dur-
ing this period. The mechanical properties of the 
allografts can be adversely changed by the pres-
ervation and storage processes. Low-dose irradi-
ation (less than 2 megarads) only results in minor 
effects on the graft’s strength. Cryo- preservation 
seems to improve the mechanical properties of the 
allografts, the strength of which is 110–120 % of 
that of fresh bone, but this method of preservation 
of the graft makes the diaphyseal cortical bone 
more brittle and liable to breakage. On the other 
hand, lyophilization or massive irradiation proce-
dures on the bone parts (over 3 megarads) result 
in a clear reduction in the mechanical strength 
of the grafts (55 % in the case of lyophilization 
and 65–70 % in the case of massive irradiation 
of the strength of a fresh bone) [ 38 ]. When a fur-
ther operation is performed to remove material a 
few years after a graft, the muscles are intimately 
fi xed to the bone, through a tissue resembling 
periosteum, and the bone bleeds when this tissue 
is detached [ 39 ,  40 ].   

    Xenografts 

 Xenografts were used several decades ago by 
French teams (Judet-Sicard, Evre, Guilleminet). 
The large number of rejection phenomena they 
caused (more than 50 %) resulted in their no 

longer being used, hence the current shortage of 
human grafts. New attempts using different ster-
ilization, preparation, or treatment techniques 
(lyophilization, ceramization, irradiation, heat-
ing, etc.) are being used in attempts to reduce the 
shortcomings of this type of graft.  

    Bone Substitutes 

 Artifi cial hydroxyapatite derivatives (hydroxy-
apatite collagen, hydroxyapatite cements, cor-
als or madrepores, vitroceramics or bioglasses) 
are the subject of mechanical and experimental 
studies in order to defi ne their tolerance in situ as 
well as the ways in which they are used. Even if 
some bone substitutes really are colonized by the 
host bone, their mechanical properties are cur-
rently still inadequate and do not allow the use 
of large fragments in human clinical medicine. 
Furthermore, these structures, which are often 
only osteo-conducting and sometimes osteo-
inducing, do not form new bone (are not osteo-
forming), and have a tendency to lyse rapidly or 
behave like a sequestrum.  

    Reconstructions with Massive 
Allografts 

 Bone reconstruction after surgery for excision of 
a tumor poses further problems, not all of which 
have been resolved. In the context of massive 
grafts we will study those used to replace diaphy-
seal fragments or articular surfaces. The use of 
prostheses sheathed by bone from a bone bank 
is an interim solution allowing joint solidity and 
stability to be combined, and muscular refi xation 
on the periprosthetic bone. This technique should 
be used each time the loss of bone substance and 
soft tissue make revascularization of the graft 
hazardous. 

 Going beyond the indications of bone cavi-
ties being fi lled by spongy grafts, and beyond 
the reconstruction of the acetabulum by cortico-
spongy allografts, it may be useful to have larger 
fragments in the bone bank (such as half-pelvises, 
for example) so that when the acetabulum is too 
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severely damaged or when there is a bone tumor, 
the half-pelvis can be replaced by an allograft 
into which a total hip prosthesis will be fi xed. 

 Massive diaphyseal or epiphyso-metaphyseal 
grafts will allow the locomotor apparatus to be 
reconstructed after the excision of a tumor or if 
substance is lost after trauma. If the intention is to 
replace a diaphyseal fragment, we believe that it is 
preferable to use centro-medullary nailing, leaving 
the muscle masses in close contact with the graft 
allowing maximum peripheral vascularization. 
This nail may have to be locked if the upper and 
lower part of the bone segment of the host is small. 

 Osteocartilaginous grafts of different sizes 
may be used to replace articular surfaces 
destroyed by a tumor or trauma process. 

    Joint Replacement Options 

 The use of massive cartilaginous allografts is 
proposed more and more frequently. These car-
tilaginous allografts often become very well 
assimilated. As cartilage cells do not need to be 
vascularized to survive, they only obtain their 
nutrition from the constituents of the synovial 
fl uid. However, in order for the mechanical 
behavior of the graft to be adequate, the cells – 
contained in the cartilage and ensuring that it is 
adequately nourished in relation to the hydro-
philia of the proteoglycans – are protected dur-
ing the freezing phase. Hence the advantages of 
using a cryopreservative when the temperature 
drops, and the absence of the option of using sec-
ondary sterilization by heat, gas, or irradiation. 
Particular rigor is required when taking and pre-
serving osteocartilaginous parts so as to be cer-
tain that the graft is entirely sterile.  

    Immunogeneity of the Various 
Constituents of Cartilage 

 Cartilage is considered to be an immunologi-
cally favored tissue because the intact cartilagi-
nous matrix constitutes a real barrier between the 
chondrocytes and the immunologically compe-
tent cells. 

 Chondrocytes have a histocompatibility sys-
tem which is comparable to that of the autologous 
lymphocytes. Langer and Gross have, however, 
shown the development of cell-type immunity in 
the rat. 

 Collagen of human joint cartilage is a type 
II collagen, synthesized by the chondrocytes. 
All the collagens can induce an immunological, 
humoral, and cellular response but collagen II is 
the most immunogenic. 

 According to Hermann and Friedlander, the 
proteoglycans of cartilage are antigenic. An 
immune response to proteoglycans is possible in 
the case of cartilaginous lesions, whether they are 
infl ammatory, infectious, or arthrotic. A response 
of this kind can play a role in the induction or 
maintenance of the infl ammation and destruction 
of the cartilage. 

 In summary, the constituents of joint carti-
lage studied separately are antigenic and immu-
nogenic, but immunogeneity does not manifest 
itself normally when the various cartilage con-
stituents are intact. Healthy cartilage forms a bar-
rier to their penetration [ 41 ,  42 ] (see Table  6.1 ).

   As the joint graft requires capsuloligamen-
tary coaptation, the collar of the capsule taken 
with the graft can be used, or the capsule and the 
ligaments of the host can be fi xed directly onto 
the donor bone by trans-bone sutures. This lat-
ter method gives better stability to the limb. If 

   Table 6.1    Massive bone and osteochondral allografts: 
1978–2000   

 Type  No. of cases 

 Spongy, cortical and osteocartilaginous 
allografts 

 871 

 Massive diaphyseal and cortico-spongy 
grafts 

 303 

 Hip reconstruction  356 

   Spongy (femoral heads)  286 

 Of which 

   Acetabula  49 

   Five with the acetabular joint surface 

   Half pelvis  21 

 Hip prostheses sheathed with associated 
bone from banks 

 29 

 Massive osteocartilaginous grafts  185 

 Total  1,744 
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articular necrosis were to occur, this would be 
painless because of the absence of innervation of 
the bone fragment and would only require partial 
replacement of the articular surface using a small 
prosthesis a few years later. The same problem 
also exists with the possible appearance of inca-
pacitating ligament laxity, which could in the 
long-term justify stabilization with a prosthetic 
ligament or a preserved human ligament graft. 
Our current approach is the systematic inser-
tion of a ligament support by doubling the liga-
ments grafted, in order to avoid excessive tension 
on those which are the source of the rupture or 
elongation. 

 The risks of secondary deterioration of the 
articular surface connected with ligament sta-
bility problems has led us to suggest the use of 
prostheses sheathed with bone from a bone bank 
which has the advantage of removing the carti-
lage viability problems with its risks of necrosis, 
and secondary ligament laxity with joint instabil-
ity. The bone allograft which sheathes the metal 
core of a prosthesis allows the adjacent muscles 
to reattach themselves rapidly to the grafted area, 
which gives far less variable results in terms of 
function. Twenty-nine reconstructions using hip 
prostheses sheathed with bone from the bone 
bank have been used in association with acetabu-
lar grafts during the period 1988–2000.   

    Removal and Preservation of Grafts 

 All the allografts were removed during mul-
tiorgan removals. The grafts were repeatedly 
checked, i.e., checked when they were removed 
and at the fourth month, in the host after three 
successive bacteriological, urological, and immu-
nological examinations had been carried out. The 
fi rst on the donor, the second on the patients who 
had been given organs coming from the same 
donor. Any infection – general, viral, parasitic, 
or tumoral – or a systemic illness immediately 
leads to the destruction of all the grafts removed. 
The grafts are removed in an operating theater 
under surgically sterile conditions and preserved 
at −196 °C (in liquid nitrogen, after a progressive 

lowering of the temperature by 2 °C/min down to 
−40 °C, then by 5 °C/min down to −140 °C. The 
DMSO is used systematically at a dosage of 10 % 
and put into contact with the allograft after the 
latter has been refrigerated when its temperature 
reaches +4 °C. The allograft and the DMSO are 
cooled separately and are placed in contact with 
each other at this temperature (above +10 °C, 
DMSO is toxic to cells). Thawing has to be rapid, 
i.e., 1–2 h, with lavage of the DMSO in Ringer’s 
lactate solution at +40 °C.  

    Clinical Experience 

 The fi rst experimental joint transplants date from 
the beginning of the century, with the work of 
Henri Judet in 1908. The autologous and homol-
ogous osteochondral grafts performed then were 
complicated by progressive deterioration of the 
cartilaginous tissue with crumbling of the sub-
chondral necrotic bone. The fi rst massive osteo-
chondral auto-transplants were performed by 
Reeves and Solmes (1966), Judet and Padovani 
(1973), and Goldberg et al. (1973 and 1980). 
Although the articular auto-transplants demon-
strated excellent viability and are maintained in 
the long term, the allo-transplants produced acute 
rejection which took two forms:

   on the one hand, massive necrosis of the 
transplant,  

  on the other, thrombosis of the supply vessels 
[ 43 ].   

This was immunological rejection of the supply 
vessels. The transplant was invaded with lym-
phocytic cells. Necrosis progressed more rapidly 
when a homograft of skin or marrow preceded 
the transplant. Judet and Padovani are of the 
opinion that a purely immunological mechanism 
is involved due to the immediate revasculariza-
tion which created the conditions for accelerated 
rejection by offering immediate contact between 
the antigen and the antibody. The delays in assim-
ilation of the graft and its quality only appeared to 
be slightly altered by the use of cyclosporine A. 

6 Bone Materials and Tissue Banks



78

 Immunosuppressant drugs, such as azathio-
prine, do not signifi cantly increase the survival 
time of the transplants. According to Halloran, 
the anti-lymphocytic serum gives a survival time 
for the transplant of up to 5 months, but only in 
the semi-allogenic grafts, and retains identical 
growth potential to that of the contralateral limb. 
In our experience, which between 1978 and 2000 
includes 185 massive osteocartilaginous trans-
plants, it seems that the clinical result is all the 
more successful if satisfactory biomechanical 
conditions are restored to the best extent pos-
sible. Histological studies performed by drilling 
under arthroscopy, even 8 years after the graft, 
showed that the chondrocytes were alive in most 
cases and that although the superfi cial layers of 
the cartilage were sometimes changed and fi s-
sured, the deep layers were generally normal. 
The absence of painful symptoms in patients is 
a bonus and X-rays do not show any necrotic 
phenomena or crushing of the grafts. Some 
people fear the appearance of a tabes-like syn-
drome when the two parts of the joint are grafted 
jointly. It is true that the bone itself is no longer 
innervated and it is unlikely that a new proprio-
ception will reappear during revascularization of 
the bone tissue. But the ligaments, muscles, and 
peripheral vasculonervous elements which have 
not been removed provide the medullary nerve 
centers with information and stabilize the bone 
and cartilage, which in fact behave like a metal 
prosthesis (also not innervated) [ 44 ,  45 ]. Clinical 
experience confi rms this interpretation, as no 
tabes-like symptoms have been reported, even 15 
years after these types of massive osteocartilagi-
nous grafts were implanted [ 46 ,  47 ].  

    Capsuloligament and Articular 
Replacements by Massive Allografts 

 Preserving human ligaments in tissue banks is 
also an avenue of research which appears prom-
ising but which comes up against the problem of 
supplies from tissue banks and of the mechanical 
behavior of ligaments grafted during the period 
of their revascularization. 

    Ligament Allografts 

 These have to be removed from young donors, 
so that the force and stress values on breakage 
are close to those of a normal ligament (1,725 
Newtons). The allograft which would best meet 
the morphological and structural criteria would, 
of course, be an anterior cruciate ligament 
allograft, however, choosing such an allograft 
would lead to considerable technical disadvan-
tages and the revascularization of this ligament is 
risky. The patellar tendon can easily be removed 
with its two insertions on the patella and the tibia. 
It is suffi ciently long and has mechanical prop-
erties which are clearly superior to those of the 
anterior cruciate ligament even if it is reduced to 
its central third. 

    Mechanical Studies 
 A graft consisting of the central third of the patel-
lar tendon connected to its insertions was studied 
from a mechanical point of view. Creep tests as 
well as traction tests right up to rupture, show 
that:

   freezing does not alter the appearance, color, or 
mechanical properties of grafts;  

  an irradiated tendon acquires a cardboard-like 
appearance;  

  the fi bers of an irradiated and lyophilized ten-
don come apart and they acquire a fi brillary 
appearance.   

The long-term mechanical behavior of these 
grafts in situ can be problematic when being 
revascularized. According to the fi rst clinical 
results, it appears that a considerable percentage 
of residual articular laxity can be seen. The solu-
tion may be to combine a preserved allograft and 
a reinforcing ligament prostheses which would 
prevent the stresses being exerted directly on 
the allograft during its period of rehabilitation 
(2–3 years). The ligament prosthesis will rupture 
when the allograft will have regained satisfac-
tory mechanical behavior. This is the technique 
we use currently but there is insuffi cient experi-
ence of it to be able to publish. Only the test of 
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time will confi rm whether or not we were right to 
make this choice.    

    Surgical Technique 
for Reconstructing the Acetabulum 
and the Pelvis 

 The reconstruction of a half-pelvis requires a 
broad approach following in its middle part the 
iliac crest, in its anterior part the crural arcade 
curving in from the pubis along the pubioischi-
atic line, and in its posterior part, continuing hori-
zontally up to the level of the spinous processes 
of the lumbar vertebrae. An extension upwards 
or downwards may make it possible to approach 
the last lumbar vertebrae or the sacrum. The 
initial locating of the external iliac vessels, the 
femoral vessels, and of the crural nerve makes 
it possible to perform a subperitoneal dissection 
of the tumor which generally pushes back the 
iliac muscle and only exceeds it at a late stage. 
This extension then often contra-indicates a car-
cinological surgical maneuver. The prosthesis is 
inserted and cemented in the half-pelvis allograft 
after fi xing the latter by anterior and posterior 
plates screwed into the allograft on the remaining 
bone. When a whole half-pelvis is to be recon-
structed, the gluteal muscles on the one hand and 
the adductors on the other have to be refi xed to 
the bone by trans-bone sutures. In order to avoid 
the occurrence of an obturator hernia, the obtura-
tor is obstructed by a strip of silastic pressed on 
trans-bone sutures at the edge of the obturator. 

 The implantation of an acetabular graft may 
justify a simple transgluteal approach maintain-
ing the continuity of the gluteus medius and of 
the external vastus muscle in a digastric form and 
retaining the continuity between the fi brous ten-
don and the bone in the greater trochanter. After 
having cut the graft as accurately as possible, 
fi lling precisely the resected bone, the anterior 
and posterior plates are screwed along the whole 
length of the allograft. The posterior plate rests 
on the ischium and the remaining iliac wing. The 
anterior plate rests on the pubis (if necessary the 
centrolateral pubis) and the remaining iliac wing. 

The prosthetic acetabulum is implanted after hav-
ing synthesized the bony allograft. The anchor-
age holes are drilled right into the host bone, 
therefore allowing the cement to bridge the area 
of the allograft. We only insert metal pericoty-
loidian rings in very exceptional cases. Although 
in our fi rst cases we did not routinely insert anti-
dislocation rings, because of the occurrence of 
dislocations, we have now chosen to insert them 
routinely. One or two rings screwed into the rim 
of the acetabulum make it possible to obtain 
adequate mechanical setting of the prosthetic 
femoral head. In the case of operations involving 
mainly the acetabulum, it is generally useless to 
refi x the gluteal muscles by trans-bone sutures. 
Only the digastric muscle is closed, and trans-
bone sutures fi x the part of this digastric muscle 
on the greater trochanter. 

 If there is infection, surgery should be carried 
out in two stages. The fi rst stage is the ablation 
of all the foreign bodies, prostheses, material, 
cement, and bone as well as all the fi stular courses 
and necrotic tissue. The limb is placed in traction 
(trans-femoral traction 1/10 of the body weight). A 
cement spacer containing antibiotics can be used 
to replace the part removed. In theory, this method 
allows the infected area to be sterilized locally and 
keeps the space free for the future graft. However, 
the local delivery of antibiotics by the cement 
spacer only reaches the area from its surface lay-
ers. The antibiotic contained inside the cement 
does not diffuse through this and only antibiotic 
particles at the surface of the cement enable anti-
biotics to be delivered at a bactericidal dose in situ. 
This cement is rapidly surrounded by a fi brous 
membrane which is impermeable to antibiotics, 
and in a few days the quantity of antibiotics in the 
bloodstream can be seen to drop. This technique 
is little used in the department. Irrigation and 
drainage may accompany this maneuver, deliver-
ing antibiotics in situ and carrying out mechanical 
cleansing of the infected area. This also makes it 
possible to carry out sampling on the exit drains, 
in the search for residual bacteria, making it easier 
to adapt general antibiotic therapy. 

 The second stage is that of reconstruction 
which may be carried out within 2 months of the 
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removal of the infected tissues, and if the sed-
imentation rate is less than 20 in the fi rst hour 
and stable on several successive examinations, as 
should also be the case with the C-reactive pro-
tein level.  

    Results 

 Complications associated with the use of massive 
allografts are what currently determine the lim-
its of this type of surgery, which should only be 
practiced if the excision of the tumor has the same 
carcinological value as an amputation, and if dra-
conian precautions are taken when the grafts are 
removed to avoid these transmitting an iatrogenic 
pathology. Premature or secondary post-opera-
tive deaths were only seen in cases of major sur-
gery of the pelvis for advanced tumoral lesions. 
The risks of sepsis are comparable in the various 
groups and are essentially linked to the quality 
of the cutaneous scarring under chemotherapy 
(approximately 6 %). Fractures of the graft occur 
when the osteosynthesis is inadequate or physio-
therapy is too aggressive (areas unprotected by 
the osteosynthesis material). Non-healing of the 
ends of the bones is very much the exception if 
the junction between the allograft and the host 
bone is surrounded by autologous spongy tissue 
right from the fi rst operation. Articular instabil-
ity and arthrotic lesions depend on the stability 
of the reconstruction of the ligaments. The carti-
lage cells are present and, although reduced, the 
thickness of the cartilage guarantees correct joint 
function. No Charcot-type arthropathy has been 
demonstrated, periarticular innervation no doubt 
maintains articular trophicity.  

    Discussion 

 The revascularization of the graft, its assimilation 
to the skeleton, the fate of the grafted cartilage, 
and that of the ligament formations refi xed to 
the graft or used as allografts still pose problems 
which have not been completely resolved. These 
massive grafts have to be studied over a lon-
ger period but the fi rst results after 15 years are 

 promising. The interim solution of the implanta-
tion of a prostheses sheathed with bone from a 
bone bank seems to be indicated in cases where 
resection of a tumor is large, removing bone, 
cartilage, ligaments, and muscles. By allowing 
the muscles to be refi xed onto the graft, these 
sheathed prostheses limit the risks of the stem 
breaking or becoming detached. The use of a 
tibial graft including the patellar tendon makes 
reconstruction of the extensor apparatus easier. 
However, if physiotherapy is not started rapidly 
and continued regularly for several months, the 
graft will develop muscular adhesion, which 
sometimes considerably limits the freedom of 
movement of the joints.  

    Conclusion 

 Massive grafts are used more and more fre-
quently in current surgical practice. The steril-
ization and preservation processes make it 
possible to make these bone and cartilage 
grafts easily usable and reliable [ 48 ]. 

 In biological and clinical terms allografts 
assimilate perfectly to the skeleton but the 
complications associated with their use are 
what currently determine the limits of this 
type of surgery, which should only be prac-
ticed if the excision of the tumor has the same 
carcinological value as an amputation, and if 
draconian precautions are taken when the 
grafts are removed to avoid these transmitting 
an iatrogenic pathology [ 49 ]. 

 Although the legislative problems have 
been alleviated since the Cavaillet law of 
1976, there is still a great deal of opposition of 
an administrative, personal, and psychological 
nature from the public and also from some 
doctors, particularly if graft removals are to be 
performed on donors who are brain-dead. 

 On 11 July, 1950, during a meeting of the 
Academy of Medicine, Professor Moulonguet 
expressed the wish to see an organization set 
up to remove, preserve, and deliver human 
organs recognized as being necessary for ther-
apy under the best possible moral, legal, and 
scientifi c conditions [ 50 ]. 

 This discussion is entirely topical, as the 
Institut Français des Greffes (French Graft 
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Institute) is now being set up (35 years later, 
Decree of 10 October, 1994), and although the 
legal problems have been alleviated, there still 
remains a great deal of work to be done in this 
area because the use of human organs cur-
rently plays and will continue to play an ever 
greater role in our arsenal of therapy options. 
The use of cryopreserved massive allografts is 
an undeniable advance in our arsenal of 
therapies. 

 It is not reasonable, however, to ask of 
these grafts a result which could not be hoped 
for in the treatment of a simple fracture. They 
are often used in extreme conditions and often 
allow results to be obtained in otherwise hope-
less cases. The last problem which has to be 
resolved is the one concerning the supplying 
of tissue banks with human grafts, because a 
great deal of opposition has to be overcome. 
Even if the legislative problems have been 
overcome, doctors and the public still do not 
have suffi cient information, and efforts are 
required from everyone in order for the use of 
human grafts to be able to play an ever greater 
role in the future in our therapy.     
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      Bone Banks: Technical Aspects 
of the Preparation 
and Preservation of Articular 
Allografts                     

     Dominique   G.     Poitout       and     Y.     Nouaille     de     Gorce    

      For the technical aspects of this subject 
the Marseilles team collaborated with the 
Etablissement de Transfusion Sanguine Alpes- 
Provence (Alpes-Provence Blood Transfusion 
Service) to set up a bone bank on their premises 
because it has a competent cryobiology depart-
ment equipped with storage tanks containing 
liquid nitrogen and a temperature- lowering pro-
grammer. This laboratory, which for a long time 
has been storing bone marrow, platelets, and vari-
ous cryopreserved tissues, has the virology, bac-
teriology, quality control, and quality assurance 
laboratories of the Blood Transfusion Service and 
is accustomed to applying the transfusion safety 
standards. It was also one of the fi rst in France to 
obtain the approval of the Microbiological Safety 
Committee of the Directorate General of Health 
in April 1996. Banks which were developed 
nationally have followed the same principles and 
currently more a hundred have been registered 
and some are awaiting authorization. 

    The Removal of Articular 
and Osteocartilaginous Grafts 

 Because the bone and cartilage fragments 
which are removed are not subjected to second-
ary sterilization, it is imperative that therapeu-
tic maneuvers are performed in wholly sterile 
conditions. 

    Selection of the Donors 

 Selection has to be rigorous so that there is no 
risk of the transmission of iatrogenic pathol-
ogy to the host through the graft. This requires 
adequate knowledge of the history of the illness 
and the circumstances of the accident, as well as 
the medical history of the donor. There are many 
absolute contra-indications. Subjects with a can-
cerous condition, a systemic illness, collagenosis, 
an auto-immune disease, or bone dystrophy may 
not have tissue removed for grafts. We system-
atically eliminate from the list of donors those 
suffering from a viral, bacteriological, or para-
sitic infection, mycosis or tuberculosis as well 
as those with risk factors and those who have 
been on artifi cial ventilation for more than 72 h 
in intensive care, as they are potentially infected. 
As far as the validation of the grafting material 
is concerned, the banks have to conform to the 
legislation in force decreed by the French Graft 
Institute. 
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 Bacterial decontamination is performed using 
a solution of antibiotics consisting of rifocine and 
chloramphenicol. 

 Samples are taken from each graft before and 
after decontamination and after thawing. Positive 
bacteriological results will mean that the tissues 
will have to be destroyed. 

 Blood samples have to be taken from each 
donor (live or deceased) in order to perform the 
obligatory virological examinations. 

 In accordance with the decrees of 25 February, 
1992, of 24 May, 1994, and of 24, July 1996, 
medical biological analyses are performed to test 
for infection:

   by the hepatitis B virus (HBs antigen and anti- 
HBc antibodies),  

  by HIV (antigen P24 and anti-HIV 1 and 2 
antibodies),  

  by HTLV (anti-HTLV 1 and 2 antibodies),  
  by hepatitis C (anti-HCV antibodies),  
  for detecting syphilis in two different tests 

(VDRL and TPHA),  
  for assaying for transaminases for the live donors.    

 Decree No. 97–928 of 9 October, 1997 
removes the obligation to carry out a search 
for the agent responsible for toxoplasmosis, 
for infection by cytomegalovirus, and by the 
Epstein- Barr virus. The Decree of 1 April, 1997 
requires that the results of the examinations per-
formed are examined before the patients have 
been transfused, as any hemodilution could fal-
sify the tests. Finally, the French Blood Agency 
and the French Graft Institute recommend that 
the tissues are placed into quarantine and that the 
virological tests are repeated 4–6 months after 
the tissue has been removed. These samplings 
are performed either on the live donor or on the 
host of organs coming from the same donor and 
are performed to reduce the risk in the event of 
the tissue having been removed during a serocon-
version phase. However, placing these products 
into quarantine is only one of the possible ways 
of ensuring safety. A decree will specify the con-
ditions under which it is to be performed in the 
various situations according to the other methods 
which could be used, in particular directly testing 

for the viruses by molecular biology techniques 
(PCR).  

    Removal Techniques 

 As the risk of infection is the main concern in 
this surgery, the various stages of surgery must 
be performed under the strictest aseptic condi-
tions possible. The tissue therefore has to be 
removed in an operating theatre, according to 
the same principles as regulated orthopedic sur-
gery, and it is considered that a maximum time 
lapse of 6 h from the circulation stopping can 
be reasonably accepted. For joint removals, the 
whole of the joint capsule is preserved as well 
as the intra- articular ligaments and the menisces 
or labra. In the case of the knee, and in order to 
keep the extensor apparatus intact, we retain the 
whole of the patellar tendon continuously with 
the posterior half of the patellar joint. This is 
also continuous with the quadricipital tendon, 
the upper part of which is cut into an inverted 
V. The muscular insertions are scraped and the 
surgeon removing the tissue cleans all the bone 
attachments of the ligaments allowing the cap-
sule to be refi xed fi rmly. The part is then placed 
in a bag which is resistant to very low tempera-
tures (captontefl on bags). The reconstruction of 
the skeleton is one of the important stages of the 
removal. It is a legal obligation and it has to be as 
perfect as possible.  

    Coding and Measuring of the Parts 

 In order to fi nd the desired bone fragment again 
easily in the bank, it is necessary to fi ll in the 
data sheet carefully and to perform X-rays with-
out enlargement or with an enlargement control 
placed side-by-side with the bone part.  

    Quality Controls 

 All the bone banks have to be inspected periodi-
cally, and samplings are performed on a very reg-
ular basis (20 % of the grafts are rejected annually, 
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either immediately after having been removed on 
account of positive results being found in tests or 
subsequently at the 6-month checks).   

    Preservation Techniques 

    Preservation Methods 

 Many preservation methods have been suggested 
since the use of allografts was fi rst considered. 
The techniques of irradiation and sterilization 
by moist heat will be described in detail sub-
sequently. Cryopreservation is the only current 
procedure which makes it possible to preserve 
bone fragments and in particular cartilage cells 
safely. 

 Preserving fl uids (antiseptics, 1 % sodium 
methyolate,  β  propriolactoses), as well as eth-
ylene oxide are cytotoxic and the problems 
involved in handling them have meant that they 
have been abandoned. The same applies for the 
methods involving sterilization by boiling. 

 Drying under vacuum or lyophilization uses 
plasma preservation processes. These grafts, which 
are theoretically usable indefi nitely at ordinary 
temperatures, are fragile and are not suffi ciently 
strong in mechanical terms to withstand the usual 
mechanical stresses and, in particular, all the cells 
are destroyed preventing the use of friction surfaces. 

 Irradiation of bone fragments taken under 
conditions which are not sterile is recommended 
by some teams who see a practical advantage for 
taking grafts. However, not only does this irradia-
tion, conventionally performed at 25 K Gray, not 
guarantee perfect viral sterility but it also causes 
the destruction of all the cells. 

 Since 1981 we have been using cryopreserva-
tion of massive osteocartilaginous grafts in liquid 
nitrogen at −196 °C. This method makes it pos-
sible to preserve whole bones and complete joints 
over an extended period as it preserves the viabil-
ity of the cartilaginous cells, the fi bers, and fi bro-
blasts contained in the ligaments and capsules. 

 Without going into the technical details of 
cryopreservation and storage, we would like to 
underline the fact that tissue preservation has to 
obey two essential rules:

   uppression of cadaveric disintegration phenomena,  
  preservation for an extended period of the archi-

tecture of the bone and preservation of the 
viability of the cartilaginous cells.    

 To avoid the formation of ice macrocrystals, it 
is necessary to impregnate the bone, cartilage, and 
ligament tissues with a suitable cryoprotector. At 
Marseilles, we use a mixture of macro- molecules 
(4 % human albumin which is to be replaced by 
Héloes) and 10 % fi nal DMSO. This solution 
is maintained at a temperature of 4 °C because 
DMSO is toxic. In theory, the “deep cold” should 
enable these objectives to be reached by stopping 
the action of the tissue enzymes. If relatively mod-
erate freezing temperatures are used (higher than 
−20 °C), the enzymes present in the tissue are 
not inactivated and will destroy the architecture 
of the graft in a few weeks. At −80 °C (limit of 
electric freezers), although the enzymatic activity 
is clearly reduced, it is not totally stopped, only 
collagenase is inactivated at this temperature. At 
−196 °C all the enzymes are inactivated and the 
proteins can be preserved over an extended period. 
On the other hand, DMSO has a eutectic point 
around −60 °C, at this temperature, the micro-
crystals of ice can recombine into macro-crystals 
and make the cells burst. For the same reasons, the 
temperature of the graft cannot be lowered in an 
haphazard fashion, and it is necessary to vary the 
rate at which this takes place in accordance with 
the temperature obtained. The optimum curve 
seems to us to be 2 °C per minute down to −40 °C 
then 5 °C per minute down to −140 °C, the tem-
perature at which the graft is then placed in nitro-
gen vapor, directly in the tank where it is stored. 

 Thawing, on the other hand, has to be rapid 
so that the largest number of cells remain alive. 
Physiological serum or Ringer’s lactate solu-
tion at 40–41 °C will be used to thaw out 
and wash the grafts in order to eliminate the 
DMSO. Approximately 2 h after having removed 
the bone fragments from the liquid nitrogen tank, 
they are usable for a period of approximately 
24–26 h, which means that they can be taken to 
any part of France and Europe. However, donors 
are becoming rarer and rarer and it is becoming 
increasingly diffi cult to obtain tissue.  
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    Biomechanics and Immunology 

 The mechanical strength of the cortical allograft is 
only 50–60 % of the strength of normal bone dur-
ing a period ranging from the 8th to the 18th month 
after the graft has been implanted (on account of the 
revascularization of the bone). Maximum fragility 
is at around the 12th month and it is only after 2–3 
years after the graft has been implanted that the 
bone regains normal density and biomechanical 
strength. The fi xation of the graft therefore has to 
be complete in order for this period of fragility to 
come to an end. The mechanical properties of the 
allografts can be changed by the preservation and 
storage processes. Lyophilization, massive irradia-
tion of the grafts (in excess of three megarads), or 
moist heat used for more than 60 min at 120 °C 
adversely affect the mechanical behavior of the 
grafts considerably. Cryopreservation, on the other 
hand, seems to improve the mechanical proper-
ties of the allograft, the strength of which is 110–
120 % that of fresh bone but the graft, although it 
is stronger, does in fact become more brittle (in 
the mechanical sense of the term) and therefore 
breakable. In the case of articular allografts, the 
crucial point is preservation of the ligament struc-
tures, of the synovial fl uid, and of the menisces. 
The cells in these formations are preserved, as are 
their architectural and fundamental structure. 

 After having been reinstated, the vasculariza-
tion is linked to the revascularization of the bone 
insertion area. It is inadequate for several months 
(or years) which means that they have to be dou-
bled with an artifi cial ligament during this period 
to avoid excess stresses which would lead to their 
being stretched or even ruptured. The extent of 
the immunologically competent tissue (synovial, 
capsule, etc.) also risks leading to the occurrence 
of immunological rejection phenomena justi-
fying the use of immunosuppressants (such as 
Sandimmum) in the event of the hyperproduction 
of fl uid indicating an immune response.   

    Transport 

 Transporting bone parts over long distances will 
require the use of special containers, in which 
grafts will be preserved at low temperatures 

 (liquid nitrogen or dry ice). When it is antici-
pated that these grafts will be used within 24 h 
following removal from the Bank, it is prefer-
able to thaw the bone fragment and to dispatch 
it only after thawing. Once removed from liquid 
nitrogen, the graft has to be used within 24 h and 
it is not possible to refreeze it again if it is not 
used.  

    Use 

 The best indications for using these osteocarti-
laginous or complete joint grafts are in the knee, 
ankle, shoulder, elbow, and wrist. 

    Isolated Osteocartilaginous Grafts 

    Partial or total graft of the femoral condyle,  
  graft of the tibial plateau,  
  graft of the patella,  
  graft of the tibial pylon,  
  partial graft of the humeral head,  
  partial graft of the elbow,  
  graft of the inferior radius.    

 The graft is fi xed by osteosynthesis material 
and the ligaments of the host are refi xed onto 
the graft. The functional results are generally 
excellent.  

    Osteocartilaginous Graft 
Plus Ligaments from the Donor 

 The excision is larger and the donor ligaments 
remain attached to the graft and are refi xed onto 
the host bone or over the ligaments of the host. 
They have to be protected during the period of 
revascularization by artifi cial ligaments. 

 This applies to:

   massive grafts of the inferior extremity of the 
femur,  

  massive grafts of the superior or inferior extrem-
ity of the tibia,  

  grafts of the humeral head,  
  partial grafts of the elbow.     
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    Complete Articular Grafts 

 A total joint graft with its capsule, its synovial 
membrane, its ligaments, and the fi brocartilages it 
contains (meniscus or labrum) is indicated in the 
case of an extensive tumoral lesion in the joint cav-
ity justifying extensive excision in a single piece. 

 The problems posed are twofold:

   Immunological: connected with the size of 
the immunologically competent material 
implanted with apparently an infl ammatory 
reaction which could result in a cutaneous fi s-
tula giving rise to an infection.  

  Mechanical: the ligaments must not be strained 
during the period of their revascularization and 
have to be doubled up by artifi cial ligaments.     

    Reconstruction Prostheses Sheathed 
with Bone from a Bone Bank 

 The indications for using a prosthesis sheathed 
with bone from a bone bank are often present and 

have to be analyzed according to the extent of 
the loss of musculo-ligament and cutaneous sub-
stance which requires tumoral excision or which 
has been produced by the trauma.   

    Conclusion 

 It seems to us to be important to emphasize the 
fact that grafts have to be preserved without 
breaking the cold chain, without damaging the 
bags containing the graft, and under strictly 
technological conditions. The importance of 
the sterile environment for removing the graft 
has to be emphasized; for example, out of 
more than 5,000 parts preserved in the Blood 
Transfusion Center in Marseilles since 1981, 
we have had to destroy barely 2 % due to a 
super-infection being found. These encourag-
ing results are due to extreme rigor in the ways 
in which the grafts are removed and the 
patients are selected. In our opinion, these 
preservation methods are the only ones which 
allow the bone, and particularly the cartilage, 
to still be guaranteed a normal structure and 
also good mechanical properties.      
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    Appendix 

    Recommendations for Setting 
Up a Tissue Bank for the Locomotor 
Apparatus 

 These recommendations are those used by the 
Blood Transfusion Center of Marseilles to, 
among other things, preserve bone, cartilage, and 
ligament grafts.  

    The Organization of a Tissue Bank 

    General 
 The need for:

   a tissue removal team approved by the Ministry, a 
geographical location for treating, storing, and 
making the tissue available.     

    Equipment 
 A preservation department equipped with stor-
age tanks or apparatus, a temperature-lowering 
programmer indispensable for preserving bone, 
cartilage, and ligament tissue.Laboratories expe-
rienced in the following quality controls:

   donor control,  
  tissue control,  
  validation of the preservation techniques.     

    Personnel 
 At the hospital:

   the person in charge of tissue removal checks 
that removal from a subject in a state of brain 
death is in line with the regulations,  

  the surgical teams remove and treat the tissue.    

 At the tissue bank:

   the bank receives the tissue,  
  the technical staff at the bank treats the tissue,  
  the laboratories perform viral serological tests on 

the donor and a bacteriological examination of 
the tissue removed,  

  the bank’s medical supervisor oversees everything.     

    Techniques 
 For each tissue, all the technical aspects of the 
removal, treatment, storage, quality control, 
distribution, and results of examinations are 
recorded in a manual updated regularly.  

    Information 
 Information on the donor:

   Identity, sex, age;  
  Radiography of the tissue if necessary;  
  Cause of death;  
  Medical history;  
  ABO blood group and HLA if known;  
  Operating protocol of removal, therapies used;  
  Results of any laboratory examinations;  
  Results of the control examinations;  
  Tissue removal center and department.    

 Information on the host:

   Identity, sex, age;  
  Origin of the graft;  
  Attribution criteria;  
  Identifi cation of the use of the graft, site and date;  
  Possible response to implantation of the graft;  
  ABO blood group and HLA if known;  
  Results of the culture at the time of the graft;  
  Note any departure from the guidelines for han-

dling and reconstitution;  
  An estimate of the clinical results.     

    Quality Control 
 Each tissue preservation department has to take 
part in the development of the methods which 
make it possible to evaluate the indications of 
the tissue grafts preserved. Periodical monitoring 
of the bacteriological status has to be practiced, 
checking, before they are dispatched, at least 5 % 
of the grafts every 6 months and more if prob-
lems with bacterial contamination are suspected. 

   Tissue Removal 

   General Ethical and Legal Considerations 
 In general, acceptable sources of tissues are cadav-
ers less than 6 h after circulation has stopped, 
patients in a state of brain death, and patients who 
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have had part of their tissue removed for thera-
peutic purposes (femoral head).The Caillavet law 
considers a donor to be any person who, during 
his lifetime, did not express any opposition to 
removal of his or her tissue. It is diffi cult, in prac-
tice, not to consider the pain suffered by those 
close to the person they have lost.  

   Selection Criteria 
 These vary depending on the tissue removed. 
Age may be a limiting factor following the use 
which will be made of the tissue taken. For car-
tilage in particular, it seems to be necessary to 
graft only normal joint surfaces which have been 
taken from healthy subjects. 

 Tissue may be removed from the cadaver for 
5 h after his or her death if it is kept at ambi-
ent temperature and for approximately 12 h if 
the cadaver is stored at 4 °C immediately after 
death. The tissue removed from a live patient can 
be placed in a container, closed immediately and 
refrigerated at 4 °C. A valid preservation tech-
nique can be considered to be up to 12 h after the 
tissue has been removed and stored at the preser-
vation temperature. 

 A medical history of the donor has to be sent. 
Potential donors will be excluded if their current 
medical history mentions:

   developing septicemia,  
  a localized infection in the tissue to be removed,  
  a slowly developing viral episode  
  malignant neoplasia except for most of the cere-

bral tumors,  
  the existence of active hepatitis or unexplained 

jaundice,  
  systemic disease,  
  a patient belonging to the risk groups,  
  heavy irradiation on risk groups,  
  treatment with drugs which are toxic to the tissue 

to be removed.   

Laboratory tests have to be performed on the 
blood of the cadaver or on the live donor:

   a test for the hepatitis B virus,  
  a test for syphilis,  
  a test for HIV antibodies,  

  the transaminase levels,  
  a test for anti-HBc antibodies,  
  a test for anti-HCV antibodies,  
  a test for anti-HTL V1 and anti-HTL V2 antibodies  
  a test for anti-CMV antibodies.   

The erythrocyte blood groups and tissue groups 
should be used and a serum bank should be set 
up. 

 Wherever possible, the tissue should be 
removed under sterile conditions in an operating 
theatre. If the allografts are removed in a non- 
sterile manner, it should be ensured that effective 
sterilization techniques can be used without dam-
aging the tissue structure. 

 If a collecting medium is used, it has to be 
sterile and physiological. 

 If antibiotics are used, the bacterial cultures 
have to be grown before they are added and the 
type of antibiotics has to be clearly recorded. 
A fi nal bacteriological check is recommended 
before the tissues are dispatched. 

 Fragments of tissues to be grafted have to 
undergo bacteriological and fungal studies using 
current methods and media. Cultures of the donor 
blood have to be carried out when the tissue is 
removed as well as a urine culture and possibly 
also a culture of a pleural effusion. 

 Secondary sterilization. If it is carried out, 
the biological and biochemical integrity of the 
graft has to be maintained. The methods used for 
decontaminating surfaces are acceptable if only 
the surface can be contaminated.    

    Preservation and Storage 
 The methods used to preserve and store tissue 
allografts vary according to the type of tissue 
and the clinical application in which they are 
included. Although the optimum methods have 
not been defi ned, the best for long-term preserva-
tion would appear to be preservation at very low 
temperatures (−80 °C). Continuous monitoring 
of the temperature may be necessary. Storage for 
12 h at the most at 4 °C may be practiced from 
the time the tissue was removed. Only materials 
which are resistant to low temperatures are suit-
able for this type of preservation. They have to be 
sterile. The culture media may vary and have to 
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be defi ned for each type of cell. Precautions have 
to be taken to check the persistence of the activity 
of the cells being cultured and for the absence of 
contamination.     
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      Formulated Demineralized Bone 
Grafts for Skeletal Applications                     

     Todd     M.     Boyce     

        Demineralized bone matrix, is human allograft 
bone that is treated using acid to remove the 
mineral component, providing a cell-free, tissue- 
based biomaterial. In addition to acid treatment, 
the tissue receives other processes to decellularize 
the tissues and to inactivate any viruses, bacteria, 
or fungi that may be present. Demineralized bone 
is the extracellular matrix of human bone, treated 
to separate out the inorganic calcium phosphate 
portion and to retain the organic collagen and 
non-collagenous proteins. 

 Demineralized bone is osteoinductive, mean-
ing that it is an active signaling component of 
bone healing rather than merely a passive scaf-
fold. It is the extracellular matrix of human bone, 
including collagen and a variety of naturally-
occurring growth factors and BMP’s that are 
embedded in the tissue in physiological concen-
trations. But activity in demineralized bone is a 
function of the proteins in the matrix, and these 
proteins can be damaged by certain processes 
and excipients that may be applied to the tissues. 
This means that formulated demineralized bone 
products can vary in their activity, or ability to 
infl uence local cells to make bone tissue. Many 

clinical selections of a formulated demineralized 
bone matrix are based upon handling and pack-
ing characteristics, without an awareness of the 
importance of processing history and formulation 
on osteoinductive performance. 

 While demineralized bone without excipients 
had been used in some orthopaedic and dental 
applications for a number of years, it was only 
with the 1991 introduction [ 1 ] of Grafton® Gel, 
that surgeons began to fi nd the combination of 
surgical handling characteristics and clinical effi -
cacy that allowed them to routinely use demin-
eralized bone as an off-the-shelf bone healing 
product. Before this time, such tissues had to be 
meticulously prepared by the hospital bone bank 
and delivered individually for a particular case – 
and then the surgeon was required to fi nd a way 
to deliver dry, demineralized bone powders to the 
surgical site in an effective way. Many found that 
the handling characteristics of powdered deminer-
alized bone were inadequate. Likewise, concerns 
about safety, and the limited processing capabili-
ties of hospital-based bone banks had argued for 
a standardized, technology- based approach to the 
preparation of demineralized bone matrix. With 
the advent of the fi rst Grafton® forms, deminer-
alized bone matrix products have become consis-
tent, allowing a surgeon to use any volume and 
any form that is appropriate to his/her particular 
procedure. The formulated demineralized bone 
graft contains natural inductive proteins, at physi-
ological  concentrations, to assist in bone healing. 

        T.  M.   Boyce ,  PhD     
  Osteotech, Inc. ,   Eatontown ,  NJ ,  USA   
 e-mail: boyce@osteotech.com  
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Since 1991, a number of additional forms have 
been developed that attempt to provide additional 
handling characteristics, offer improved osteo-
conduction, and are suited to specifi c procedures. 

    History of Demineralized Bone 

 Demineralized bone matrix is a primary source 
of naturally occurring bone morphogenetic pro-
teins (BMP’s) in the skeleton. It was the result 
of this experimental work on demineralized bone 
that led Urist to identify the process of osteo-
induction [ 2 ]; in turn, it was the search for the 
proteins responsible for osteoinduction that led 
to the discovery of bone morphogenetic proteins 
(BMP’s) in demineralized bone [ 3 – 7 ]. This work 
in demineralized bone [ 8 ] provided the research 
foundations both for today’s formulated demin-
eralized bone products and also the recombinant 
growth factor products [ 9 ] that have become 
available in recent years. It is the natural growth 
factors and BMP’s that are present in bone, which 
are responsible for its osteoinductive activity. 

 Demineralization using acids has been well- 
known for centuries. There is convincing evi-
dence that ivory, elephant dentin, was partly 
demineralized in vinegar in order to shape ivory 
sheets for statuary from the classical Greek 
and Roman times [ 10 ]. The acid of the vinegar 
demineralized the dentin, softening it and allow-
ing it to be formed over a mold without crack-
ing. It is generally accepted that the fi rst surgical 
applications were developed by Senn [ 11 ] in 
1889. Senn described several experiments with 
demineralized, perforated bone to support heal-
ing in the cranium of dogs, and then continued 
on to describe a series of ten osteomyelitis and 
tuberculosis cases using “antiseptic decalcifi ed 
bone” at the Milwaukee Hospital from 1887 to 
1889. He advocated the use of ox tibia, demin-
eralized in muriatic (hydrochloric) acid, cut into 
pieces 1 mm thick and stored in a solution of 
sublimate in alcohol 1:500. The perforations in 
the demineralized bone were designed to permit 
early entrance of granulation tissues. In the fol-
lowing year, a colleague, Dr. Mackie, published 
a series of cases showing the broad applicability 

of “decalcifi ed bone” [ 12 ]. By 1919, demineral-
ized bone was being used in many areas of sur-
gery. A general surgery text [ 13 ] listed uses for 
decalcifi ed bone including Senn’s application as 
a graft in voids and cranial defects, but also as a 
reinforcement for arterial anastamosis, treatment 
of joint ankylosis, non- unions (also attributed to 
Senn), nerve suturing, and as a form over which 
to suture the intestine. Thus, demineralized bone 
was used in surgery for nearly fi ve decades before 
its osteoinductive potential was even discovered. 

 Osteoinduction, the creation of bone by 
inducing its formation in a heterotopic site, was 
described by Huggins in 1930 using urinary tract 
epithelium [ 14 ,  15 ]. Shortly after, Levander [ 16 ] 
performed a series of rabbit autograft experi-
ments, which led him to the belief that

  (N)ew bone is formed directly out of the mesen-
chymal tissue which surrounds the graft. For such 
differentiation to take place in non-specifi c tissue, 
must necessarily show that the process is infl u-
enced in some way or another by some specifi c 
agent. 

 Levander then continued on in his experiments 
to seek the hypothetical osteoinductive “agent,” 
by injecting aqueous and then alcohol extracts of 
bone and callus into the muscles of rabbits. He 
found osteochondral nodules at the sites of the 
injection in 22 % of the animals treated. In 1957, 
Ray and Holloway [ 17 ] showed histologically 
that demineralized bone had improved healing 
ability over both deproteinized bone and frozen 
autograft in a rat calvarial defect. They concluded 
that  “{T}he best substitute for fresh autogenous- 
bone grafts…..is the organic matrix devoid of its 
inorganic salt. ” 

 The concentrated research efforts of Urist in 
fi rst demonstrating “autoinduction” of new bone 
and cartilage [ 2 ], and later, systematically assess-
ing the “bone induction principle” using deminer-
alized bone and its extracts, are the foundation of 
much of our understanding of formulated demin-
eralized bone products used in skeletal healing 
applications. Urist then went on to extract, name 
and characterize the source of this osteoinductive 
activity – “Bone Morphogenetic Proteins” [ 3 ], 
which he obtained from demineralized bone by 
extraction. Since that time, researchers have gone 
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on to identify most of the growth factors and 
individual bone morphogenetic proteins that are 
present in the extracellular matrix of bone. These 
include BMP 1–7, TGF-β, IGF I and II, PDGF, 
Basic and Acidic FGF and Osteogenin, among 
others [ 18 ,  19 ]. 

 Urist’s papers provided the initial insights 
into processes that would be suited to making 
an inductive demineralized bone product. Urist 
performed a host of experiments on: effects of 
gamma irradiation [ 20 ,  21 ], tissue type [ 22 ], 
depth of the demineralization [ 23 ], response 
elicited by demineralized bone in ectopic sites 
throughout the body [ 24 ], functional charac-
terization and localization of BMP’s within 
demineralized bone [ 3 ,  4 ], effects of storage 
conditions on osteoinductivity of demineralized 
bone matrix [ 25 ], among other contributions. In 
the 1970s Reddi and Huggins worked to charac-
terize the cellular events and sequence associ-
ated with the transformation of demineralized 
bone [ 26 – 28 ] into living bone tissue. One of the 
principal lessons of this body of work is that 

the biological performance of a demineralized 
bone is directly dependent upon the processing 
history of the tissue [ 3 ,  29 ]. Small changes in 
the process can denature the non- collagenous 
proteins that give the demineralized bone its 
osteoinductive character, lowering or eliminat-
ing activity. 

 For more than 100 years after Senn began 
using demineralized bone in a clinical setting, 
demineralized bone matrix was used in slabs, 
chips or powders prepared initially by the indi-
vidual surgeon, and later by hospital bone banks, 
and then later still, by regional bone banks. With 
the introduction of Grafton gel in 1991, Osteotech 
offered the fi rst formulated demineralized bone 
product. Since then, the Grafton products have 
been expanded to include such varied formula-
tions as injectable gels, fl exible sheets, moldable 
putties, combinations with radiopaque cancellous 
chips, and forms that expand upon rehydration to 
maintain congruity with the surgically prepared 
surface (Fig.  8.1 ).

  Fig. 8.1    A demineralized bone graft, Xpanse® ,  which expands when it is rehydrated. By expanding to create direct 
contact with the prepared host bone surface, it can assist osteogenic cells to travel into the graft       
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   Beginning in the late 1990s a large number 
of other demineralized bone materials became 
available from tissue banking organizations, 
 orthopaedic manufacturers, and alliances between 
the two. In an attempt to provide surgically-rele-
vant handling characteristics using materials that 
were still outside of the prior patents, a host of 
carrier materials were introduced for the fi rst 
time: carboxymethyl cellulose, hyaluronic acid, 
lipid-based carriers, reverse- phase polymers, 
among others –though all of these are not equiva-
lent in their biological effects and may contribute 
to differences in performance. Around this time 
also, Osteotech developed and assessed various 
demineralized bone formulations that utilized 
fi ber-based demineralized bone. It was shown 
that fi bers offer distinct advantages in osteocon-
ductivity for the formulation [ 30 ]. 

 In the present time, there are a host of demin-
eralized bone-based formulated grafting materi-
als, each with its own group of claimed benefi ts, 
and each with signifi cant differences in process-
ing history, carrier materials, methods of achiev-
ing safety, and osteoinductive performance.  

    Demineralized Bone Safety 

 The safety profi le for allograft bone is largely, but 
not completely, contributed by the process that it 
undergoes. Early development efforts on demin-
eralized bone products [ 31 – 33 ] included viral, 
bacteriological and other safety considerations, 
and led to standardized techniques for demineral-
ized bone processing and viral inactivation treat-
ments. Tissues typically undergo processes that 
include cutting and shaping steps; milling; treat-
ment with sterile water, alcohol, detergents and 
acid; freeze drying and packaging. The process 
is designed in such a way as to kill and remove 
bacteria, mold, fungi, virus and other potential 
adventitious agents, in accordance with govern-
ment regulation and industry standards [ 34 ]. 

 Demineralized bone comes from human 
cadaveric donors, who have made the choice, 
confi rmed by a living family member, to donate 
tissue for the therapeutic use of an unrelated 
recipient. As with any human sourced-biologic 

product, a primary concern is the prevention of 
disease transmission from implanted tissues. 
This objective encompasses (1) Screening the 
donor population to exclude those with high risk; 
(2) Maintaining an aseptic processing environ-
ment that assures tissue sterility, as confi rmed by 
bacteriologic testing; (3) Demonstrating process 
capabilities that inactivate virus, and (4) Prion 
considerations. 

    Screening and Initial Process 

 Initially, the donated human allograft bone tissue 
is screened [ 35 ] to exclude tissues that contain 
disease agents, and to exclude those donors that 
have lifestyle risks or a medical history that sug-
gests risk of disease transmission. Donor selec-
tion (Fig.  8.2 ) starts with review of the medical 
history for the donor and an interview with a fam-
ily member. Tissue is then procured aseptically, 
and stored in the frozen state. At the same time, 
the tissues are swabbed for bacterial contamina-
tion, and blood and tissue samples are obtained 
The samples go for detailed analysis and assess-
ment for antibodies, antigens and NAT testing 
for HIV, HTLV, Hepatitis and Syphilis, in CLIA-
certifi ed testing laboratories, and using FDA-
approved test kits. If an autopsy was performed, 
its results are obtained. Once the results become 
available, they are reviewed by the Medical 
Director (a board-certifi ed physician with addi-
tional tissue banking credentials), and suitability 
is determined. There are many diseases and con-
ditions which disqualify tissues from processing, 
including a host of diseases that could be trans-
mitted by transplantation, evidence (e.g. recent 
tattoos) of an activity or lifestyle that increases 
risk, and conditions (e.g. Alzheimer’s disease) 
that are sometimes mistaken for diseases that are 
communicable. Careful screening can dramati-
cally reduced the potential for disease transmis-
sion – for HIV the risk is reduced to less than 1 in 
1.6 million by the screening process [ 35 ].

   These tissues undergo initial processing steps 
to remove soft tissues, and also to mill the bone 
into fi bers or to grind it into particles. These par-
ticles or fi bers then go through a series of solvent, 
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detergent, and antibiotic treatments to remove 
remaining cells, and to assure viral inactivation 
[ 32 ,  33 ]. Hydrochloric acid, the same acid used 
by osteoclasts during the resorption phase of 
remodeling, is used to remove the mineral while 
retaining the protein elements. The result is pro-
cessed demineralized bone, in a particulate form 
(fi bers or powder, Fig.  8.3 ).

   The processed demineralized bone is then 
combined with an excipient or carrier material to 
make the formulated demineralized bone prod-
uct. As part of the regulatory fi lings required by 
governmental regulatory agencies, such excipi-
ents must demonstrate biocompatibility, usually 
including tests to demonstrate that the formu-
lated demineralized bone matrix or its carrier is 
not cytotoxic, a sensitizer, an irritant, genotoxic, 
a pyrogen, or a hemolytic agent. They are also 
typically tested by implantation for acute sys-
temic toxicity and subacute toxicity. Commonly, 
these are demonstrated by the appropriate tests of 
the ISO10993 [ 36 ].  

    Aseptic Processing 

 Aseptic processing is a system that is designed 
to process tissue without contaminating it. It 
differs from terminally sterilized processes in 
that the intermediate steps must be much more 

exacting to maintain sterility through the pro-
cess, and to avoid the need to apply irradiation or 
other damaging treatments in the terminal step. 
In aseptic processing, there are two primary 
sources of contamination to avoid: contamina-
tion from the processing room environment, and 
contamination of the tissues of one donor by the 
tissues of another donor. These imperatives are 
achieved by careful processing controls (such 
as a rigid requirement that only the tissues of a 
single donor be allowed in a processing area at 
any given time), and bacteriological testing at 
multiple stages of the process. Aseptically pro-
cessed tissue is prepared in a cleanroom environ-
ment. Cleanrooms are classifi ed according to the 
number of particles that they allow, with smaller 
number classifi cations indicating a cleaner envi-
ronment [ 37 ]. Aseptically processed tissues are 
typically processed in a very tightly controlled 
cleanrooms (e.g. class 100), and then only 
released after their sterility has been proven by 
bacteriological testing. Relatively few compa-
nies have chosen this approach, since it is more 
costly and labor intensive than a process with 
a less well-controlled environment that ends in 
terminal sterilization. However aseptic process-
ing has the substantial advantage of eliminating 
protein damage in the graft, which is produced 
by the terminal sterilization step. The water and 
air that will come into contact with the tissues 
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  Fig. 8.2    Process for donor selection and suitability. At 
the fi rst stage, a procurement decision is made, based 
upon the donor’s medical history and an interview with a 
family member. Once tissue is procured, additional testing 

is performed, including serology. Prior to processing, all 
of the medical history, interview, and test results are 
reviewed and suitability is determined       
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are fi ltered and purifi ed. Electrical systems have 
fail-safe conditions, including backup genera-
tors in case of power failure. Workers involved 
in processing the tissue must be clad in special-
ized cleanroom gowns and must periodically 
demonstrate their ability to gown and function 
in the processing area without contaminating 
tissues. Validated cleaning procedures are used 
to clean each processing area between batches. 
Each batch represents the tissue of only one 
donor, with full traceability through the process 
and back to the procurement stage. All of this 
infrastructure relies extensively upon repeated 
and vigilant bacteriological testing, as the key 
to maintaining a sterile environment and a prod-
uct that passes sterility testing at the end of the 
process.  

    Viral Inactivation 

 There is evidence that even “minimal process-
ing”, including marrow evacuation and lyophi-
lization (which are always part of the process 
for demineralized bone), can cause a dramatic 
reduction to risks of viral transmission [ 38 – 40 ]. 
Demineralized bone undergoes these process 
steps and a number of others which each have 
the ability to kill virus. Taken together, they have 
the potential to achieve “viral inactivation”. To 
call demineralized bone “virally inactivated”, it 
is necessary to fi rst estimate the maximum viral 
burden that could possibly be carried by the tis-
sues, and then to calculate the capability of the 
process, established though validation testing, 
to kill or remove the virus. If the process capa-

  Fig. 8.3    Preparation of bone prior to making the formu-
lated demineralized bone graft. Bone can be ground into 
particles, or it can be milled to provide rolled shavings, or 
fi bers – which are exclusive to the Grafton® demineral-
ized bone forms. Once prepared into this form, the parti-

cles or fi bers continue on to be demineralized by treatment 
with hydrochloric acid and then are combined with the 
excipient to make the formulated demineralized bone 
matrix product       
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bility provided by all process steps exceeds the 
 maximal viral burden of the tissues by a suffi -
cient magnitude (usually at least 3 logs, or 1000 
times the theoretical maximum virus burden), 
then the process is a “viral inactivation process.” 

 The fi rst demonstration by a commercial manu-
facturer showing full viral inactivation in demin-
eralized bone was the D-Min® process used in 
Grafton®, summarized in a 1995 publication [ 32 ], 
and was preceded by a research study demonstrat-
ing the removal of a virus from tissue that were 
known to be infected with HIV [ 31 ]. For HIV, the 
commercial process was shown to be capable of 
reducing virus by more than 2.8 billion times [ 32 ], 
or more than 400,000 times the highest estimated 
viral concentration of a tissue, should it be infected 
before processing. The process was likewise shown 
to be capable of killing more virus than could exist 
in the tissue for other clinically relevant virus types 
in addition to HIV, including Hepatitis B, Hepatitis 
C, CMV, and Poliovirus, and demonstrated to be 
effective at viral removal in tissues from systemi-
cally infected animals [ 41 ]. Since this time other 
manufacturers of formulated demineralized bone 
products have also developed viral inactivation 
methods, which differ dramatically in the mecha-
nisms of inactivation, as well as the amount  of 
damage caused to the tissue proteins by the process. 

 Demineralized human allograft bone is safer 
than is screened whole blood for any of the viruses 
where risks have been evaluated in both tissues [ 32 , 
 33 ,  42 ,  43 ]. Currently, acellular blood components 
such as pooled plasma protein fractions receive 
viral inactivation treatment, but whole, or cell-
containing blood fractions do not [ 44 ]. By contrast, 
demineralized bone is screened, and additionally 
it is  also  virally inactivated by the process. Using 
HIV as an example, the combination of these 
effects argues that demineralized bone is about 2.2 
billion times  safer  than the screened blood that sur-
geons use every day, without concern [ 32 ,  35 ,  42 ].  

    TSE Agents/Prions 

 Prions [ 45 ], the causative agent for transmis-
sible spongiform encephalopathies including 
Creutzfeldt-Jakob disease and Bovine Spongiform 

Encephalopathy, are a special issue for tissue pro-
cessing. They are diffi cult to kill, resisting steam 
sterilization and other traditional methods of ster-
ilization. Since prions are proteins, many of the 
processing steps that could be used to inactivate 
prions would also have the undesirable conse-
quence of damaging the collagen, BMP’s and 
other proteins that make demineralized bone func-
tion well in bone healing. However the potential 
for infectivity is not the same among all tissues 
of the body. 

 The infectious prion proteins (PrP) have been 
isolated in some (but not all) tissues, including 
muscle [ 46 ] and blood [ 47 ] in animal models 
of the infection. Different tissues have different 
levels of risk based upon the potential infectiv-
ity [ 48 ,  49 ]. According to the World Health 
Organization, neural tissues, pituitary and dura 
mater have the highest level of potential infec-
tivity [ 48 ]. Blood is a tissue of intermediate 
infectivity which is categorized as a “Peripheral 
tissue{s} that have tested positive for infectiv-
ity and/or PrP in at least one form of TSE” [ 48 ]. 
By contrast, bone and tendon tissues are listed 
among those tissues with “no detected infectivity 
or PrP” by the World Health Organization. 

 Thus, the tissues being processed into demin-
eralized bone have no known possibility of con-
taining prions. Different processors take different 
approaches to establishing safety, and while no 
risk appears to be present, Osteotech has taken 
the additional steps of including screening steps 
that will exclude donors with any unexplained 
neurologic disorders, and will not collect tissues 
from sites near neural or other high infectivity tis-
sues (e.g. vertebral bodies are not collected, due 
to their proximity to the spinal cord and nerve 
roots).   

    Composition 

 Many schoolchildren fi rst become aware of 
demineralization by performing an experiment 
using a chicken bone, soaked for a time in a jar 
of vinegar, and then tying a knot in the bone 
after a suffi cient portion of the inorganic mineral 
has been removed by the acid. The result is to 
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 transform a mineral reinforced structural com-
posite material into a collagen-based connective 
tissue with exposed non-collagenous proteins. 
If one takes this child’s experiment, and modi-
fi es it by (1) Using  human  allograft tissue and 
hydrochloric acid, (2) separating the bone into 
sub-millimeter sized elements before treatment, 
(3) treating the tissue with detergents, antibiot-
ics and alcohols to kill any potential pathogens 
and to remove cells, (4) processing, reacting 
and packaging in a cleanroom environment, 
and (5) encompassing the process with process 
validations, microbiological testing and a qual-
ity control system then the resulting processed 
demineralized bone matrix is the starting mate-
rial for a formulated demineralized bone product. 

    Why Demineralize the Bone? 

 If demineralized bone is placed in a site without 
osteoblastic bone forming cells, but with access to 
the mesenchymal cells of surrounding tissues (as 
in a muscle bed) it will gradually transform into 
living mineralized cellular bone. This is ectopic 
bone formation. Why should demineralized bone 
produce such a dramatic response in tissues that 
do not have a direct mineralized tissue function? 
Early researchers compared the endochondral 
formation in ectopically implanted demineral-
ized bone matrix to the events in embryological 
tissue formation [ 6 ], with the implication that the 
healing is tied in to remnant developmental path-
ways. This embryological context became the 
source of the concept of “induction” in associa-
tion with demineralized bone matrix. 

 A more recent understanding comes from 
the osteoclastic events of bone remodeling that 
occur every day in the skeleton. The acid treat-
ment used to prepare demineralized bone is actu-
ally a biomimetic process, since the osteoclasts 
that prepare the resorption site for new bone in 
remodeling also use hydrochloric acid to achieve 
demineralization of the interior surface of the 
resorption pit [ 50 ,  51 ], just as tissue processors 
do when they prepare demineralized bone. Thus, 
when allograft bone is demineralized in a pro-
cessing facility, the entire surface of each bone 

element is treated with acid in the same man-
ner as the interior surface of a resorption pit – a 
surface that the body recognizes as a location 
that requires a new layer of bone to refi ll. When 
demineralized bone is implanted, it provides 
many surfaces that are prepared, as osteoclasts 
would have prepared them, to receive osteogenic 
cells and to encourage bone formation. 

 The proteins that are responsible for the osteo-
inductive character of the demineralized bone 
are acid-stable, and can actually be damaged by 
neutral or basic conditions. In the early 1970s, 
Urist and his co-workers demonstrated that bone 
contains natural autolytic enzymes, which can 
degrade inductive proteins [ 25 ]. These autolytic 
enzymes have different activity, depending upon 
the temperature and the pH of the storage envi-
ronment [ 25 ,  52 ,  53 ]. Urist showed that BMP’s 
are preserved at acidic [ 25 ] pH (pH < 5.5) and 
degraded by autolysis at neutral pH (pH ~ 7.4). 
This is critical not only at the time of process-
ing, but also during the period that the prod-
uct is being stored prior to surgical use. Thus a 
demineralized bone formulation that contains a 
carrier or storage media maintaining it at neutral 
or basic pH, can cause the degradation of the pro-
teins through autolysis [ 53 ], and thereby provide 
a demineralized bone that has lower inductive 
activity by the time that the package is opened in 
a surgical setting.   

    Basis of Healing 

    Acting Upon Cells to Infl uence 
Healing 

 Demineralized bone uses the natural growth fac-
tors and bone morphogenetic proteins (TGF- β, 
IGF, FGF, PDGF, and BMP’s, among others [ 18 ]) 
that exist within the bone matrix to signal nearby 
cells and to infl uence them to become bone –
forming cells and to make new bone. Even though 
they are present in mineralized bone, it takes the 
act of demineralization to expose them, making 
signaling possible [ 3 ]. These cell- signaling mol-
ecules inside demineralized bone have been suc-
cessfully used in a host of applications for repair 
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or modifi cation of skeletal tissues – in cranio-
maxillofacial, dental, spinal, trauma, joint arthro-
plasty, joint revision, and podiatry, among others. 
The reason for this widespread clinical use is the 
potential to positively infl uence the healing pro-
cess through passive scaffolding (osteoconduc-
tive) and active signaling (osteoinductive) effects.  

    Osteoinduction: Signaling/
Recruitment/Differentiation 

 As a biomaterial for bone healing, demineralized 
bone matrix is unusual, in that it is not only osteo-
conductive, it is also  osteoinductive . The term 
“osteoinductive” is widely used and extensively 
misused in the clinical and basic science litera-
ture, Einhorn [ 54 ] has provided a lucid defi nition 
which is in line with the original intent of Urist:

  Osteoinduction is a process that supports the 
mitogenesis of undifferentiated perivascular mes-
enchymal cells, leading to the formation of osteo-
progenitor cells with the capacity to form new 
bone. Unlike osteoconductive materials, osteoin-
ductive substances lead to the formation of bone at 
extraskeletal sites….. 

 The ability to form bone at an ectopic site, 
where no osteogenic cells were present at the 
time of implantation, is a hallmark of osteoin-
duction [ 2 ,  29 ,  55 ]. Even though cancellous iliac 
crest graft does promote bone formation in a  bony  
site due to the osteogenic cells that it contains, it 
is  not  osteoinductive. It will resorb, rather than 
forming new bone when placed into an  ectopic  
site [ 56 ,  57 ]. 

 Similarly, pathological calcifi cation in 
implanted tissue has been confused with osteo-
induction [ 58 – 60 ]. Inert calcium phosphate mate-
rials [ 61 ,  62 ], have been advocated by some in 
the biomaterials community as “osteoinductive.” 
This is a misuse of the term, however. These inor-
ganic materials do not cause cells to differentiate 
or to divide – there is no active signaling. The 
behavior of these materials is analogous to that 
of natural mineral in pathological calcium depos-
its in the aorta and aortic valves [ 63 – 65 ] – rather 
than delivering a signaling substance such as bone 
morphogenetic protein, these materials  co-opt 

molecules from the surrounding environment, in 
amounts too small to offer a clinical benefi t. 

 True osteoinduction is an active, protein-
based signaling of cells, using the BMP’s and 
associated growth factors that Marshall Urist 
identifi ed in demineralized bone. In a rat muscle 
site, the implant follows an endochondral ossi-
fi cation pathway [ 7 ], by initially forming carti-
lage and then later replacing this scaffold with 
bone and marrow [ 7 ]. When explanted after 4 
weeks, the demineralized bone which was origi-
nally implanted into a muscle with no existing 
osteoprogenitor cells, has been transformed to a 
nodule of hard mineralized bone. Histologically 
(Fig.  8.4 ), it shows evidence of active new bone 
formation, osteoblasts, osteoclasts, embedded 
osteocytes, and marrow elements. If the activ-
ity of the demineralized bone matrix has been 
maintained by careful processing to avoid dete-
riorating the embedded proteins, then the nodule 
should be fi lled with newly formed bone and 
marrow over more than 75 % of the nodule’s vol-
ume [ 55 ].

       Measurement of Osteoinductivity 

 Implantation studies and characterization of 
osteoinductivity are performed in living animals. 
Early work on osteoinductivity used a variety of 
animals and a variety of ectopic sites. Urist used 

  Fig. 8.4    Image of new bone formation in a rodent muscle 
site induced by demineralized bone. OS: regions of new 
osteoid created by a line of osteoblasts ( circles ). DBM: 
remnant fragments of demineralized bone. Bar = 100 μm       
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the rectus abdominus, quadriceps or erector spi-
nae of rabbits, rats, mice, and guinea pigs [ 2 ]. 
Others used subcutaneous sites for evaluation 
[ 66 ,  67 ]. However, since vascularity and avail-
ability of mesenchymal cells will vary with the 
species of animal and the location of the implant, 
it is to be expected that osteoinduction results 
will not be comparable among them. Some 
have advocated using an in vitro test based upon 
either measured BMP content of the graft [ 68 ], 
or alternatively, on expression of osteoinductive 
markers [ 69 ] such as alkaline phosphatase, rather 
than in vivo testing in an animal model. However 
such tests have proven inconsistent their relation-
ship to in vivo assessments – alkaline phospha-
tase expression in cell culture is not a reliable 
 quantitative  measure of osteoinductivity [ 70 ]. 
Likewise, the ELISA technique typically used 
to measure BMP content of the tissue is unreli-
able, due to variations in the ability to extract the 
BMP’s and the fact that ELISA measures both 
active and inactive forms of BMP. This limitation 
was well-summarized by Bae et al [ 71 ]:

  The major disadvantage of ELISA is that its detec-
tion is based on an antibody that binds to only a 
small region of the complete protein structure. 
Therefore, it is possible that the protein detected 
by ELISA is just an inactive fragmented portion 
of the complete molecule. Even if the protein is 
indeed the complete molecule and not just a frag-
ment, the protein may still not have any biologic 
activity (i.e., a dead protein). 

   Clearly the proper interpretation of ELISA 
results is critical, and conversely the mis- 
interpretation – by equating all ELISA sig-
nal as  functional  inductive protein – is a major 
and common source of error. At this time, it is 
widely accepted that the only reliable quantita-
tive measurement of osteoinductivity is a well 
characterized version of Urist’s  in vivo  models 
in a muscle site. Edwards et al. [ 55 ], working at 
Osteotech, characterized and validated the model 
using an athymic rat and a hindlimb intermus-
cular in an athymic (rnu/rnu) rat. In his earliest 
work, Urist used  euthymic  animals [ 2 ,  29 ], but 
later as he worked with human demineralized 
bone, he began to use  athymic  rats and mice 
[ 72 ,  73 ]. Since athymic animals have no thymus 
gland, they allow the implantation of tissue from 

another species (human), without a cross-species 
incompatibility response. 

 Taking this lead from Urist, Edwards and 
colleagues utilized athymic rats, and a semi- 
quantitative scoring system based upon the pro-
portion of newly formed bone and marrow within 
an implant, to quantify the amount of osteoinduc-
tivity present in demineralized bone [ 55 ]. They 
used a site between the semimembranous and 
adductor brevis muscles of the hindlimb. The 
implants remained in the site for 28 days, and 
then were removed and prepared for histologi-
cal evaluation. Using a 0–4 scoring system in a 
controlled rnu/rnu strain of rats, Edwards and 
coworkers demonstrated selectivity (response 
only to active demineralized bone matrix), repro-
ducibility (consistency of result from the same 
lot of demineralized bone matrix), and sensitiv-
ity (correlated increasing response to implants of 
higher activity) of the model. Such a model can 
then be used to assess a variety of factors that are 
thought to infl uence demineralized bone matrix 
activity, including age of the donor, source of the 
bone, processing variables and excipient.  

    Factors Infl uencing Osteoinductivity 

 Cortical and cancellous bone have different inher-
ent capacities for osteoinductivity. When measured 
quantitatively using this method, cancellous bone 
is less osteoinductive than cortical bone, which 
is why formulated demineralized bone products 
are made of either particulated or milled cortical 
diaphyseal bone, rather than cancellous bone. In 
1970, Urist and co-workers [ 22 ] performed an 
experiment in rabbits to quantify the amount of 
new bone that is formed from implants of either 
rabbit cortical bone or rabbit cancellous bone. 
They found that the amount of new bone induced 
by demineralized diaphyseal cortices implanted in 
a muscle site was four times that of an equivalent 
cancellous implant from the metaphysis. Others 
have later confi rmed this in dogs [ 74 ]. 

 In formulated demineralized bone products, 
the excipient is added to impart handling charac-
teristics to the fi nal formulation which are  useful 
in its targeted surgical applications. However, 
the many materials that have been combined 
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with demineralized bone to make formulated 
products can also negatively infl uence the bio-
logical properties of the graft material [ 75 ] and 
contribute, along with the processing and steril-
ization method to substantial differences in per-
formance among marketed demineralized bone 
products [ 58 ]. 

 Likewise, sterilization procedures that can 
be used to effect sterility of the graft, including 
gamma irradiation [ 20 ,  76 ], ethylene oxide [ 76 , 
 77 ], hydrogen peroxide treatment [ 78 ], steam 
sterilization [ 79 ,  80 ], gas-plasma sterilization 
[ 80 ] and some proprietary methods [ 81 ] used by 
various tissue banks can all damage the proteins 
responsible for osteoinductivity. 

 The American Association of Tissue Banks 
(AATB) established standards for moisture in 
demineralized bone products [ 34 ] of less than 
6 % moisture content. Among other reasons for 
this, water can affect the storage stability of the 
demineralized bone [ 82 ] by damaging the induc-
tive proteins present in the matrix. As a result, 
formulations that include water in the carrier can 
have a harmful effect on osteoinductivity, par-
ticularly as the product approaches its expiration 
date.  

    Process Effects on Osteoinductivity 

 As we have seen, the processing methods used 
in preparing demineralized bone directly defi ne 
its safety characteristics. Less well understood, 
the processing history also defi nes the activity 
and inductive performance of the demineralized 
bone. Marshall Urist, and others after him, taught 
us that demineralized bone must be treated care-
fully during processing to assure osteoinductivity 
at the end. In processing demineralized bone, a 
host of factors can negatively impact biological 
activity [ 83 ], ranging from the form and tempera-
ture of tissue storage [ 25 ,  82 ,  84 ] to the pH, time 
and order of the demineralizing and antibacterial 
solutions [ 83 ] to the selection of a strategy for 
achieving sterility of the tissue [ 20 ,  76 ,  80 ,  83 ] 
to the choice of excipient added to offer handling 
characteristics of the graft [ 75 ,  85 ]. These can 
all dramatically affect the osteoinductive char-
acter of the demineralized bone [ 33 ]. Since the 

 processing history cannot be identifi ed by view-
ing the graft, the differences in product perfor-
mance associated with processing history of one 
demineralized bone product versus another are 
often invisible to the surgeon. 

 Processing of allograft bone is a balance 
between providing process treatments that 
enhance the safety of the tissues, and conversely, 
minimizing the damage induced by these same 
treatments. This is because nearly all treatments 
so far devised in the name of enhanced safety 
carry some additional detrimental effects to the 
proteins and matrix that activate new bone forma-
tion. Gamma irradiation, often chosen as a steril-
ization method for metallic implants and medical 
supplies, will cause a decline in osteoinductive 
performance in demineralized bone [ 20 ,  76 ] as 
well as BMP’s purifi ed from demineralized bone 
[ 86 ]. The effect is dose- dependent, with greater 
declines corresponding to greater radiation doses 
[ 20 ,  87 ]. As a result, the most highly osteoinduc-
tive demineralized bone formulations are asep-
tically processed, rather than being terminally 
sterilized [ 33 ,  87 ].  

    Particle Shape 

 The shape of the demineralized bone particle has 
an impact on its performance. Martin et al. [ 30 ] 
used a posterolateral fusion model in rabbits to 
assess three different formulations of deminer-
alized bone, one which contained particles that 
were nominally spherical and two that contained 
fi bers. These materials used rabbit demineralized 
bone in gel, putty and fl exible sheet forms, mod-
eled after the Grafton Putty and Flex products. 
The fi bers for the latter two forms were created 
by milling bone tissue into tubular shavings. 

 This rabbit model will demonstrate ~70 % 
fusion using rabbit autograft [ 88 ], leaving oppor-
tunity to perform better than autograft (>70 % 
fusion) and poorer than autograft (<70 % fusion), 
depending upon the overall healing characteristics 
of the formulations. Further, these formulations 
were assessed in both the autograft extender role 
(1:1 demineralized bone:Autograft), as well as the 
autograft replacement role (100 % demineralized 
bone), in two arms of the study. In the  extender  
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application, the particles were able to reproduce 
the fusion rate of the autograft alone (70 %), 
while the two fi ber formulations improved the 
fusion rate to 100 % (moldable Grafton® putty) 
and 100 % (fl exible Grafton®sheet), respectively. 

 As a  replacement  for autograft, demineralized 
bone matrix in the particle form was a little less 
effective (58 %) than autograft. Yet even without 
the advantage of delivering cells with the graft, 
the fi ber forms still demonstrated higher fusion 
rates than autograft: 83 % for the moldable putty 
and 100 % for the fl exible sheet. This showed, at 
least in this animal model, that the shape of the 
individual elements of the demineralized bone do 
have an effect upon the bone healing capacity of 
the graft. But what was the basis? 

 To fi nd out, Martin et al. ran a third arm of the 
study, in which they extracted the inductive pro-
teins from each of the three forms. This isolated 
the particle shape effect on healing, without the 
effects of osteoinductivity on bone healing. The 
results showed that the particle formulation was 
unable to fuse any of the spines, while the fi ber 
forms, without inductive proteins, managed to 
fuse 33 % and 36 % of the spines, respectively. In 
other words, when prepared in its most osteo con-
ductive  form (fi bers), demineralized bone obtains 
~50 % improvement in fusion rate in this animal 
model. This is largely due to the greater number 
of connected pathways that a fi brous matrix can 
provide for cells to enter and colonize the graft, 
relative to a particulate (Fig.  8.5 ).

  Fig. 8.5    Particles and 
Fibers permit different 
levels of osteoconductive 
cellular travel. Fibers offer 
connected pathways to the 
cells that allow them to 
move more freely in the 
graft matrix       
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   Posterolateral fusion is an example of a pro-
cedure that actually needs both osteoinduction 
and osteoconduction. In situations such as this, 
or in a long bone segmental defect, the graft must 
perform several functions. It  may  deliver cells 
from autograft. It  must  provide an interconnected 
pathway for cells to pass from the source (the 
decorticated surfaces of the transverse processes) 
to bridge in the center. It  should  encourage cell 
growth – ideally by recruiting other cells from 
the surrounding tissues though osteoinduction. 
With these elements (cells, osteoconduction, 
osteoinduction), the graft has maximal opportu-
nity to heal the site.   

    Grafting Strategy and Clinical Use 

 When considering the vast number of bone graft 
materials available for use, is it useful to remem-
ber that graft materials have different capabilities 
and different levels of proof for those capabilities. 
For instance, the majority of the grafting materi-
als now on the market have proven their ability to 
heal a closed, metaphyseal defect. This is a site 
that often has excellent blood supply, is bathed in 
marrow, osteoprogenitors, and even osteoblastic 
cells on the cancellous surfaces. Success in such 
a site represents a modest level of performance, 
and one that is matched by many materials. In fact 
some of these are not even critical-sized defects, 
and bone would fi ll the defect with, or without, a 
graft. When the site is challenged by a poor blood 
supply, limited cell availability (due to systemic 
or local factors), or represents a substantial bridg-
ing distance – then the capabilities of the graft 
are challenged. Thus in surgical applications, a 
synthetic material made of one of the calcium 
phosphates, which could be perfectly suitable 
as an implant coating or as a fi ller for a closed 
defect, could be poorly suited for a posterolat-
eral fusion, a long bone critical sized segmental 
defect, or other environments that are prone to 
delayed union, non-union or pseudoarthrosis. 
In rare reports where the same graft material is 
used in both closed metaphyseal defects and also 
a segmental defect or a posterolateral fusion, the 
differences in performance capacity are obvious 

[ 89 ]. On some occasions, such materials can also 
form particulates, generated and shed from the 
graft due to forces of surgical implantation or 
from loading activities of daily living. When in 
particulate form, such materials lose their abil-
ity to serve as a scaffold for bone formation, and 
instead initiate a sequence of detrimental infl am-
matory cellular and tissue responses [ 90 – 92 ], 
which are partly analogous to debris responses 
from other biomaterials [ 93 ]. 

 In many countries, the performance require-
ments for a bone grafting product to enter the 
market are relatively low – demonstration of 
bone formation in a metaphyseal defect site, usu-
ally a rabbit or a dog. This means that surgeons 
are offered grafts that are designed for scaffold-
ing functions (calcium phosphates, calcium sul-
fates, silicate-substituted apatites and silicate 
bioglasses), without an awareness that most of 
these products have never been evaluated in skel-
etal sites that have a limited blood supply and are 
not surrounded by osteoprogenitor and marrow 
cells. As a result, there is much confusion about 
product capabilities and which applications are 
suited to which products. Demineralized bone 
also has the ability to heal these relatively simple 
metaphyseal defects without diffi culty, and may 
accelerate healing. In addition, if care is taken to 
maintain the protein activity during processing, 
then demineralized bone matrix can  also  heal 
defects that are signifi cantly more challenging in 
humans. Fiber-based demineralized bone forms 
have shown effi cacy in posterolateral fusions [ 30 , 
 94 – 97 ], critical-sized segmental defects [ 98 – 102 ] 
and other extremely challenging conditions [ 103 , 
 104 ] , where the graft must span a distance that 
has no existing osteoblastic cell source. 

 Likewise, the supporting levels of evidence 
[ 105 ,  106 ] can vary dramatically among differ-
ent brands of formulated demineralized bone, 
with the poorest having only unpublished animal 
studies and no clinical support, and the strongest 
having level one prospective evidence, as well as 
other support. Given the dramatic effects of pro-
cess history and infl uence from the formulation 
components described earlier, it does not seem 
unreasonable to demand substantiation of perfor-
mance in  human  clinical studies. 
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 The motivation for using demineralized bone 
in bone healing applications has come from 
two primary directions: Improving outcomes 
in skeletal healing; and avoiding autograft har-
vest morbidity. Proper selection of a graft mate-
rial involves assessment by the clinician of the 
patient’s systemic state, condition of the surgical 
site, and the surgical technique being chosen. 
Many clinically diffi cult situations [ 107 ,  108 ] 
can be interpreted as situations of poor avail-
ability or poor responsiveness of mesenchymal 
or osteoprogenitor cells. Consequently, strategies 
that increase the local concentration of cells that 
 are  osteoblastic or  can become  osteoblastic have 
a signifi cant opportunity to improve outcomes 
[ 109 ]. 

 Formulated demineralized bone materials 
offer the opportunity to infl uence outcomes by 
improving the available number of cells for heal-
ing in such compromised conditions, through 
their signaling function. Since osteoblastic cells 
do not “jump” across spaces, healing requires 
contact with the host bone where cells reside, as 
well as a pathway to conduct them into the cen-
tral regions of the graft where they can create 
new tissues. Preparation of the surgical bed, by 
resecting to bleeding bone at the graft site and 
removing any intervening soft tissue can dramati-
cally improve the grafting environment. Where 
possible, it is extremely helpful to retain the peri-
osteum (a highly osteogenic tissue [ 110 ]), or to 
re-create a “periosteum” of sorts, as in the tech-
nique pioneered by Masquelet [ 111 – 113 ]. 

 The bone graft can assist by ensuring congru-
ity with the host bone surface [ 114 ,  115 ], or by 
using demineralized bone fi bers, entangled in 
a matrix, to offer an improved osteoconductive 
pathway [ 30 ] that cells can use to enter and colo-
nize the graft. They may also be delivered with a 
cell source, such as cancellous autograft or bone 
marrow, to increase the number of cells at the 
site that could potentially be infl uenced by the 
demineralized bone matrix signals. 

 At the risk of over-simplifi cation, grafting can 
be distilled to two straightforward goals: (1) col-
lecting cells to the graft site, and (2) infl uencing 
those cells to make bone. The cells can be either 

delivered with the graft (Autograft), or they can 
be collected from nearby tissues (Mesenchymal 
cells). They can also be either existing osteopro-
genitor cells (osteoblasts), or they can be cells 
that have the potential to become osteoprogeni-
tors. Demineralized bone, as a part of a compos-
ite bone graft, can be used in any of several ways 
in clinical practice, always with source in mind 
for the bone forming cells: 

  Provide viable osteoblastic cells along 
with the graft (Graft Including Morsellized 
Autograft , Fig.  8.6a ). The surfaces of cancellous 
bone can provide cells that are already differenti-
ated into the osteoblastic lineage. Thus, iliac crest 
autograft works as a grafting material, not because 
it is osteoinductive, but rather because it provides 
cells that are already suited to making new bone 
tissue. Demineralized bone can infl uence these 
cells in their osteoblastic role. It can also act as 
an extender in this application, when the quality 
or quantity of autograft available is limited [ 94 , 
 95 ,  116 ]. Demineralized bone forms that include 
fi bers can actually  enhance  the performance of 
the autograft in some applications [ 30 ,  96 ].

    Provide a signaling (osteoinductive) graft 
that can infl uence undifferentiated cells of 
the surrounding environment (Demineralized 
Bone Matrix , Fig.  8.6b ). When the graft includes 
osteoinductive demineralized bone, it can draw 
cells from adjacent tissues, and convert them to 
osteogenic forms, thereby inducing bone forma-
tion – providing that there are adequate nearby 
tissue sources of mesenchymal cells. 

  Provide viable undifferentiated cells with 
the graft, and then infl uence them to become 
bone forming cells  [ 117 ]  (Demineralized Bone 
Matrix with  Concentrated or Unconcentrated 
Bone Marrow , Fig.  8.6c ). This can be achieved 
by using demineralized bone along with autog-
enous bone marrow, or bone marrow concentrate. 
Marrow stem cells are delivered with the graft, 
and demineralized bone provides signals to induce 
differentiation and expansion of osteoprogenitors, 
as well as to draw cells from the surrounding tis-
sues that can assist. The concentration and total 
number of viable cells delivered with the graft can 
affect the magnitude of the healing benefi t [ 109 ].  

T.M. Boyce



109

    Conclusion 

 Demineralized bone, as a formulated, pack-
aged product, is a little more than two decades 
old. In that time, we have learned much about 
the factors that contribute to effi cacy, and 
have re-learned the lessons of Senn and Urist. 
We recognize the importance of establishing 
and demonstrating the safety of demineral-
ized bone, but the approaches chosen vary 
substantially among processors and products, 
and are not equally effi cacious. We now know 
that demineralized bone contains a variety of 
bone morphogenetic proteins and growth fac-
tors, and that processing can either expose 
and retain their function, or it can damage and 
inactivate them. 

 We know that demineralized bone, in clini-
cal application can be very powerful. It has the 
ability to heal large critical sized defects that 
will not heal on their own or with non-induc-
tive materials. It can provide functions specifi c 
to the application, such as holding autogenous 
graft or expanding to create congruency 
(Grafton® Matrix and Xpanse, respectively). 
It can be used in situations where recombinant 
growth factor products are contraindicated or 
have a history of signifi cant complications. 

 In the fi eld of tissue engineering, biomate-
rials scientists have expended great effort to 
build a biomaterial from the most basic build-
ing blocks, which can offer the characteristics 
necessary for bone regeneration. The  evidence 
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shows that such a material already exists, and 
that it need not be synthesized in an intricate 
manufacturing process. Nature has already 
prepared such a material. We need only 
expose its potential (demineralization), pre-
serve it (careful processing), formulate it with 
an understanding of its biological role (car-
rier selection and fi bers), and fashion it into a 
form suited to a surgical procedure. We have 
yet to exhaust the possibilities for achieving 
these goals with demineralized allograft 
bone.     
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      Bioreactors for Bone Tissue 
Engineering                     

     Youzhuan     Xie       and     Jianxi     Lu    

       Large bone defect, which often results from the 
nonunion of the fracture, tumor resection, trau-
matology and revision reconstruction, is still a 
great challenge in the orthopaedic surgery. The 
ideal graft is autogenous bone which is limited 
in quantity and the harvest procedure is usually 
painful. The allogenous bone could be used as an 
alternative. However, the integration and replace-
ment process are slow. And the potential viral 
and bacterial transmission and the immunoreac-
tions draw back its application. In recent years, 
more and more biocompatible and biodegradable 
materials are used as bone substitutes. And tis-
sue engineering provides a tool to create a living 
bone  in vitro . 

 As we all known, tissue engineering has 
been defi ned as the application of principles 
and methods of engineering and life sciences 
for the development of biological substitutes, to 
restore, maintain or improve tissue function [ 1 ]. 
Cells, biomaterial scaffolds and external regu-
lators (including biochemical and biophysical 
factors) are three elemental factors in bone tis-
sue engineering. One of the typical strategies to 
construct tissue engineered bone is to use bone 
marrow mesenchymal stem cells (MSCs) associ-
ated with the 3-dimensional scaffold. The MSCs 

are multipotent but have the striking low quan-
tity in the bone marrow (account for 0.001 % of 
nucleated bone marrow stromal cells in the adult) 
[ 2 ]. Therefore, the MSCs have to be expanded  in 
vitro  before its implantation into the body. Now 
the MSCs have been widely used to hybrid the 
small scaffold to generate new bone [ 3 – 6 ]. The 
scaffold used for bone tissue engineering should 
be biodegradable and has a porous structure for 
cell penetration and nutrition supply. During the 
bone development, the mechanical and biochem-
ical signals play an important role on the cell 
differentiation. In order to create the functional 
tissue  in vitro , it is necessary to mimic the  in vivo  
environment during the engineering process. The 
bioreactor system is designed to culture tissue 
for this purpose. It provides not only the effi cient 
nutrition supply to the cells but also the mechani-
cal forces to direct cellular activity and pheno-
type. In this chapter, we focus on the several key 
roles of bioreactors in the bone tissue engineering 
processes including cell seeding of porous scaf-
folds, nutrition supply in the cell constructs, and 
mechanical stimulation of the developing tissues. 

    Bioreactor Design for Bone Tissue 
Engineering 

 Generally, the bioreactors are defi ned as devices 
in which biological and/or biochemical processes 
develop under closely monitored and tightly 
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 controlled environmental and operating condi-
tions (e.g. pH, temperature, pressure, nutrient 
supply and waste removal). Bioreactors are clas-
sically used in industrial fermentation process-
ing, wastewater treatment, food processing and 
production of pharmaceuticals and recombinant 
proteins (e.g. antibodies, growth factors, vaccines 
and antibiotics) [ 7 ]. Nowadays, three main kinds 
of bioreactors have been developed for bone tis-
sue engineering: the spinner fl ask, the rotating 
wall vessel reactor and perfusion bioreactor. 
The main functions of these bioreactors include: 
(1) establish spatially uniform cell distribution 
on the 3-D scaffolds, (2) maintain desired con-
centrations of gases and nutrients in the culture 
system, (3) provide effi cient mass transfer to the 
growing tissue, and (4) expose developing tissues 
to physical stimuli [ 8 ]. 

    Spinner Flask 

 Although the spinner fl ask is often used for car-
tilage tissue engineering, it is one of the simplest 
bioreactor designs used in bone tissue engineer-
ing (Fig.  9.1a ). In the spinner fl ask, a magnetic 
stirring bar at the bottom creates a dynamic fl uid 
environment around the seeded scaffolds, which 
are attached to needles and suspended from 
the top cover of the fl ask [ 9 ]. Turbulent mixing 

 created in a spinner fl ask bioreactor signifi cantly 
improves the biochemical compositions and 
alteres morphologies of the cartilage constructs 
[ 10 ]. The fl ask system could culture up to 12 
cell constructs at the same time. The nutrient 
mixed rate is controlled by the magnetic stirring 
bar. Medium is exchanged batchwise, while gas 
exchange is provided by surface aeration of cul-
ture medium via loosened side arm caps [ 8 ].

       Rotating Bioreactor 

 The rotating bioreactor (Fig.  9.1b ) is developed 
to engineer cartilage and bone. There are three 
kinds of geometries: the slow-turning lateral ves-
sel (STLV), the high-aspect-ratio vessel (HARV) 
and the rotating-wall perfumed vessel (RWPV). 
They are composed of two concentric cylinders. 
The cell construct could fl oat in the annular space 
between the two cylinders. The microgravity 
environment is produced by the dynamic laminar 
fl ow, which is created by the rotating of the cyl-
inder. The gas exchange is performed via inter-
nal or external membrane. Medium is exchanged 
batchwise or by periodic medium recirculation. 
The rotating bioreactor provides a hydrodynamic 
environment which is suitable for bone [ 11 ,  12 ] 
and cartilage tissue growth and differentiation 
[ 13 ]. However, the environment in the spinner 

a b

Porous scaffold

Nutritive medium

c

  Fig. 9.1    Bioreactors diagram for bone tissue engineering. ( a ) Spinner fl ask; ( b ) Rotating wall bioreactor; ( c ) Flow 
perfusion bioreactor (From Olivier et al. [ 9 ], with permission)       

 

Y. Xie and J. Lu



117

fl ask bioreactor seems to favor the MSCs differ-
entiation than in the RWV. Sikavitsas et al. [ 14 ] 
compared three different culturing conditions 
(spinner fl ask culture, static culture and rotating 
wall vessel culture) for their ability to promote 
the proliferation and differentiation of marrow 
stromal osteoblasts seeded on PLGA porous 
scaffolds. The results showed that the potential 
mitigation of external mass transport limitations 
in the spinner fl ask culture could have benefi cial 
effects on the proliferation and differentiation 
of marrow stromal osteoblasts seeded on PLGA 
porous scaffolds.  

    Perfusion Bioreactor 

 The perfusion bioreactor is different from the 
above two bioreactors. It usually includes a pump, 
a reservoir, a chamber and the connecting tubes. 
The medium in the reservoir is pumped continu-
ously into the chamber which contains the cell 
construct by a peristaltic pump [ 4 ]. Originally, the 
medium is passed around the edge of the scaffold 
and the bioreactor is called ‘perfusion chamber’. 
However, the medium in the center of the scaf-
fold could not be exchanged suffi ciently in the 
perfusion chamber. In 2003, Bancroft et al. [ 15 ] 
introduced a new bioreactor (Fig.  9.1c ) in order 
to confi ne the medium to pass through the inter-
connected porous network in the scaffold. The 
new system guaranteed an exchange of medium 
within the porous scaffold. The perfusion biore-
actor could avoid the inappropriate shear stress 

created by the mechanical mixing in the rotating 
bioreactor or spinner bioreactor. Further study 
demonstrated that fl ow perfusion augmented the 
functionality of scaffold/cell constructs grown  in 
vitro  as it combined both biological and mechani-
cal factors to enhance cell differentiation and cell 
organization within the construct [ 16 ]. The envi-
ronment (e.g. pH, temperature, pressure, nutrient 
supply and waste removal) in the bioreactor can 
be precisely controlled and monitored. However, 
most perfusion systems are designed for culture 
small cell construct, which could not fulfi ll the 
need of large scale bone defect [ 17 ]. 

 In 2006, Xie et al. [ 18 ] designed a simple 
novel perfusion bioreactor (Fig.  9.2 ) for engi-
neering large scale cell construct. The system 
is composed of three parts: a peristaltic pump, 
a 75-cm 2  fl ask containing the perfusion medium 
and the tubes. One end of the silicone tubes pen-
etrates through the plug cap into the fl ask as the 
inlet or outlet. Each cell construct is incubated 
separately and independently. The seeded scaf-
fold is connected with the silicone inlet and is 
put into the fl ask and suspended in the perfu-
sion medium which is over the top of scaffold. 
The perfusion bioreactor formed bionic circular 
system. The porous β-TCP scaffold has a central 
tunnel with blind end. The tunnel connects with 
the tubing system. The macropores open into this 
tunnel on the lateral wall. All the macropores are 
well interconnected mimicking the microcircu-
lar system. The macropores also open into the 
medium through the lateral pore on the outer sur-
face of the scaffold. Then the medium could be 

Flow

Pump

Flask

Medium Scaffold

Silicon Outlet

Silicon Inlet

Stopcock

  Fig. 9.2    Perfusion 
bioreactor diagram for large 
scale cell construct (From 
Xie et al. [ 18 ], with 
permission)       
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continually drawn from the reservoir and pumped 
into the scaffold through the central tunnel. Thus, 
the metabolic waste in the macropores is brought 
away. The fresh nutrition and oxygen are brought 
in. The medium is changed batchwise. The cells 
inside the scaffolds could survive and proliferate. 
This kind of built-in fl ow path not only assures 
the medium to be perfused into the scaffold, but 
also makes it possible to utilize the scaffolds with 
different size and shape. The latter is one of the 
prerequisites for using custom-made large scale 
scaffold, especially for reconstruction after bone 
tumor resection.

        Roles of the Bioreactor in Bone 
Tissue Engineering 

    Cell Seeding 

 Cell seeding is the fi rst step before engineering 
bone tissue. In this stage, the MSCs have to be 
loaded in the porous scaffold homogeneously. It is 
supposed that the greater number of cells loaded 
in the scaffold will increase bone mineralization 
[ 19 ]. Moreover, the spatial distribution of cells 
within the scaffold after seeding has an effect on 
the fi nal engineered tissue [ 20 ,  21 ]. Hence, effort 
has been made to optimize the seeding method in 
order to achieve the initial construct with uniform 
and highly dense cells. 

 Static loading is the traditional way to seed 
the cells into the scaffold. In this fashion, the 
single cell suspension solution is prepared before 
loading. The solution is dropped into the scaf-
fold. Or the porous scaffold is put in the solu-
tion directly. The vacuum is often produced by 
a pump to draw the air out of the scaffold and 
to make the cell solution penetrate into the scaf-
fold. However, the resulting cell construct is not 
homogeneously, especially when the scaffold is 
large enough. The cell density on the surface of 
the scaffold is much higher than that in the center 
of the scaffold. Previous study showed that with 
the static loading, the seeding effi ciencies are 
low and the cell distribution is not homogenous 
in the scaffold [ 19 ,  21 – 24 ]. 

 Dynamic seeding is to seed the cell into the 
scaffold with dynamic fl ow. It has been reported 

that dynamic seeding yielded higher seeding 
effi ciency and homogeneity than the static seed-
ing. With the spinner bioreactor, the high and 
spatially uniform distribution of chondrocytes 
was achieved in highly porous, fi brous polygly-
colic acid scaffolds for rapid and uniform tissue 
regeneration [ 25 ]. Du et al. [ 26 ] and Wendt et al. 
[ 27 ] developed an oscillatory perfusion bioreac-
tor. The oscillating perfusion of cell suspensions 
through three-dimensional scaffolds yielded the 
higher seeding effi ciency, and homogeneous 
scaffold cellularity throughout the scaffolds com-
pared with either static seeding or the stirred-fl ask 
bioreactor. Li et al. [ 23 ] found that the dynamic 
depth-fi ltration seeding method was better in pro-
viding a higher initial seeding density and more 
uniform cell distribution and was easier to apply 
to large tissue scaffolds. A depth-fi ltration model 
was developed and could be used to simulate 
the seeding process and to predict the maximum 
initial seeding densities in matrices with differ-
ent porosities. Nowadays, the perfusion seeding 
system has become part of a perfusion bioreac-
tor system. This facilitates the seeding procedure 
and the subsequent culture procedure. Thus it 
reduces the possibility of contamination during 
the seeding and culture procedure.  

    Mass Transfer 

 After the seeding, the cell constructs have to be 
cultured  in vitro  for a period before the formation 
of the bone tissue. During this stage, the cells will 
proliferate and differentiate. The suffi cient sup-
ply of oxygen and nutrient in the scaffold is the 
fundamental issue for cell survival and prolifera-
tion. Previous study on the tumor cellular spher-
oids showed that the spheroid larger than 600 μm 
in diameter generally contained a severe hypoxic 
center and the cells could only survive in the 
periphery [ 28 ]. The cells only survive and pro-
liferate in the exterior pores of the 3-D scaffold 
under the static culture. Under static culture con-
dition, the mass transfer depends on the gradient 
difference of mass concentration. The diffusion 
rate of mass transportation in the static culture 
was only suffi cient to make the cells survive 
about 500–1500 μm under the scaffold surface 
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[ 6 ,  29 ,  30 ]. Therefore, the cells proliferated suf-
fi ciently only in the macropores near the scaffold 
surface. Because the size of the engineered con-
structs is often too large to be cultured in a tra-
ditional way. The improvement of mass transfer 
is one of the challenges in the progress of bone 
tissue engineering. 

 Dynamic culture created by the bioreactor 
gives an answer to this problem. In the spinner 
fl ask, the oxygen and nutrients in the medium are 
mixed continuously. The concentration boundary 
layer at the construct surface also changes and 
the mass transfer is improved. It is supposed that 
the better mixing provided in the spinner fl ask, 
external to the outer surface of the scaffolds, 
enhances the proliferation and differentiation of 
marrow stromal osteoblasts [ 14 ]. 

 In the rotating bioreactor, a dynamic laminar 
fl ow is generated and the mass transfer improved. 
It has been proved that the chondrocytes construct 
cultured in rotating bioreactor is superior to that 
cultured in the spinner fl ask or cultured statically 
[ 31 ]. The fl ow velocity around and through the 
scaffolds in rotating bioreactors can be manipu-
lated and the 3D dynamic fl ow environment 
affects bone cell distribution in 3D cultures and 
enhances osteoblastic cell phenotypic expression 
and mineralized matrix synthesis within tissue-
engineered constructs [ 11 ]. 

 In the perfusion bioreactor, the medium is 
not only pumped into the reservoir but also per-
fused through the interior path in the scaffold. 

The interior passage for the fl uid is composed of 
the macropores and the interconnections in the 
scaffold. This interior passage is also used for the 
cell adhesion and proliferation. Under dynamic 
perfusion culture the gas exchange and nutrition 
supply are improved in the center of the scaf-
fold as well as in the peripheral part. The waste 
can be brought away directly [ 32 ]. Therefore, 
the cells survive and proliferate not only in the 
peripheral part but also in the center of the scaf-
fold (Fig.  9.3 ). The early study demonstrated that 
the dynamic culture was superior to static culture 
for large scale cell construct cultivation [ 18 ]. 
Moreover, the MSCs can differentiate in to the 
osteogenic cells by the shear stress created by the 
perfusion fl ow. However, the different perfusion 
rate has a different effect on the cell proliferation 
and differentiation. It is important to tune the bio-
reactor in order to achieve a balance between the 
cell proliferation and differentiation.

       Shear Stress 

 It is true that the mechanical stress will affect the 
MSCs differentiation. In the fi eld of bone tissue 
engineering, shear stress created by the biore-
actor will direct the MSCs to differentiate into 
osteogenic cells. It is reported that the cells in the 
scaffold increased in rotating wall vessel biore-
actor (RWVB) were fi ve times as that in T-fl ask 
and spinner fl ask. And with the stress stimulation 

  Fig. 9.3    Histological section of the cell/TCP composite 
stained with May-Grünwald Giemsa. After 28 days under 
three-dimensional dynamic perfusion culture, the MSCs 

survived and proliferated through the scaffolds (From Xie 
et al. [ 18 ], with permission)       
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inside the fl uid in the RWVB, the ALP expres-
sion was increased; the formation of mineralized 
nodules was accelerated [ 33 ]. The expression of 
selected bone marker proteins was also enhanced 
by the low shear stress under the 3D dynamic 
fl ow environment [ 11 ,  12 ]. The shear stress in the 
rotating bioreactor could be calculated and pre-
dicted according to the numerical model [ 34 ]. 

 In the perfusion bioreactor, the shear stress 
produced by the bioreactor has more positive 
effect on the osteogenic differentiation. Datta 
et al. [ 35 ] found that the inherent osteoinduc-
tive potential of bone-like extracellular matrix 
(ECM) along with fl uid shear stresses in the per-
fusion bioreactor synergistically enhanced the 
osteodifferentiation of MSCs. Leclerc et al. [ 36 ] 
demonstrated that osteoblastic cells could be suc-
cessfully cultured inside the microdevices under 
dynamic conditions and their ALP activity was 
enhanced. Holtorf et al. [ 37 ] and Gomes et al. 
[ 38 ] found that under fl ow perfusion there was 
greater scaffold cellularity, alkaline phospha-
tase activity, osteopontin secretion, and calcium 
deposition compared with static culture even in 
the absence of dexamethasone. The results sug-
gested that fl ow perfusion culture alone induced 
osteogenic differentiation of rat MSCs and that 
there was a synergistic effect of enhanced osteo-
genic differentiation when both chemical stimuli 
(dexamethasone) and mechanical stimuli (low 
shear stress) were applied. Further study showed 
that the effect was dose-dependent. In a study 
conducted by the Bancroft et al. [ 39 ], the marrow 
stromal osteoblasts were cultured on 3D scaf-
folds under fl ow perfusion with different rates of 
fl ow for an extended period to permit osteoblast 
differentiation and signifi cant matrix production 
and mineralization. They found that with all fl ow 
conditions, mineralized matrix production was 
dramatically increased over statically cultured 
constructs with the total calcium content of the 
cultured scaffolds increasing with increasing 
fl ow rate. The signal transduction mechanism 
of shear stress in the osteogenic differentiation 
is complex and involves multiple extracellular 
signal-regulated kinases (ERK)-dependent and 
independent pathways [ 40 ].   

    Prospect 

 One of the goals in bone tissue engineering is to 
construct the large scale and patient specifi c tis-
sue with computer-assisted design and computer-
assisted engineering in the future. Because the 
large defect in some cases such as semi-pelvic 
reconstruction is patient specifi c and should be 
highly custom-designed and repaired. With some 
new technology such as rapid prototyping (RP) it 
is possible to fabricate a patient-specifi c scaffold 
[ 41 ]. The bioreactor can create an environment 
mimicking or replicating the  in vivo  condition. 
Moreover, the seeding procedure, the culture 
procedure and the mechanical stimuli could be 
assembled in one bioreactor. The osteogenic cells 
associated with the appreciate scaffolds could 
develop into bone tissue in the bioreactor. Thus, it 
is a promising technique to reconstruct the bone 
defect.     
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      Orthopedic Bone Cements                     

     Jianxi     Lu     

       “Cement”, a word comes from the domain of 
architecture construction. It consists of a system 
of powder/liquid materials which, when mixed to 
a paste, set to a hard mass. “Bone cement” is to 
benefi t this system for an application in medicine, 
for example: fi lling of bone defects and fi xation 
of surgical prosthesis etc. 

 The history of the application of bone cement 
dates to more than 100 years. In 1890, Dr. Gluck 
described the use of the ivory ball-and-socket 
joints which were especially useful in the treat-
ment of diseases of the hip joint. These joints 
were stabilised in the bone with a cement com-
posed of colophony, pumice powder and plaster. 
He stated that the cement remained walled off 
in the marrow cavity in the same way as a bul-
let, the marrow cavity appearing to have almost 
unlimited tolerance to aseptic implantation [ 1 ]. In 
1951, Dr. Haboush used self-curing acrylic den-
tal cement to secure a total hip replacement [ 2 ]. 
Also at this time similar resins were being used 
to repair defects in the skull after brain surgery. 
Polymethylmethacrylate (PMMA) cement was 
used primarily in dentistry to fabricate partial 
dentures. orthodontic retainers, artifi cial teeth, 

denture repair resins, and an all- acrylic dental 
restorative. Dr. Charnely had used a cold-cured 
acrylic as a possible luting cement to retain the 
femoral shaft in total hip arthroplasty [ 3 ]. 

 From 1950s to 1970s numerous studies and 
tong-term clinical trials exposed the biological 
disadvantages of PMMA cement: (1) the release 
of monomer toxicity; (2) the high temperature 
of the cement polymerisation; (3) osteonecrosis 
mediated by infl ammatory reaction; (4) osteoly-
sis caused by wear debris formation or (5) impair-
ment of blood circulation in the bone caused by 
reaming, then, plug of cement [ 4 ]. Moreover, this 
cement is neither biodegradable nor colonisable 
by bone tissue. Therefore, surgeons sought to 
ameliorate the PMMA cement looking for new 
cement to replace it. Brown and Chow [ 5 ] were 
the fi rst to develop and patent a calcium ortho-
phosphate cement. Different formulations of 
the calcium phosphate cement have since been 
developed by various research groups [ 5 – 10 ]. 
The studies  in vitro  and  in vivo  have shown that 
the calcium phosphate cement (CPC) was an 
excellent biocompatibility, a good bioresorp-
tion, an osteoconducteur, and a less exothermic, 
but weaker mechanical properties than PMMA 
cement. 

 This paper provides a general regulatory 
background, chemical composition informa-
tion, mechanical and biological properties as 
well as a discussion of the mechanisms of the 
risks and failures of bone cements. We present 
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principally two bone cements; polymethylmeth-
acrylate cement (PMMA) and calcium phos-
phate cement (CPC). 

    Polymethylmethacrylate Cement 
(PMMA) 

    Chemical Composition 
and Polymerisation of the PMMA 

 PMMA bone cement has remained largely 
unchanged over the years consisting of preformed 
PMMA beads mixed with methylmethacrylate 
(MMA) monomers. PMMA cements include: (1) 
the weight ratio of powder to the liquid monomer; 
(2) the use of PMMA or copolymers thereof; and 
(3) the use of benzoyl peroxide as initiator in the 
powder and MMA; (4) the use of MMA as the 
monomer in the liquid component; (5) the use 
of a radio-opaque fi ller (e.g. barium sulphate or 
zirconium dioxide). Differences include: (1) the 
amount of the initiator (benzoyl peroxide) in 
the powder; (2) the amount of accelerator ( N , N - 
dimethyl-  p -toluidine) in the liquid component; 
(3) the amount and type of stabilisers (e.g. hydro-
quinone) in the liquid component; and (4) the 
addition of chlorophyll used to colour the cement 

green. The chemical composition of the commer-
cially available bone cements is similar, with the 
minor differences described in Table  10.1 .

   The polymerising process of the cement occurs 
as a result of the reaction between the initiator 
in the polymer powder and accelerator in the 
monomer. These act together to form a complex 
which produces benzoate and amine radicals. 
These two radicals then initiate polymerisation 
of the monomer [ 11 ]. A radiopacifi er, added to 
the powder component, enables the surgeon to 
view the cement  in vivo . This process transforms 
the initial thick liquid to a soft deformable mate-
rial and fi nally to a rapidly hardening cement 
with an associated increase in temperature due 
the exothermic polymerisation which can exceed 
80 °C. The cement sets through the polymerisa-
tion of the monomer, which concurrently dis-
solves and softens the polymer particles. The set 
mass consists of the polymer matrix uniting the 
undissolved but swollen original polymer gran-
ules. The degree of polymerisation is affected 
by the following: (1) the amount of accelerator 
and initiator in the powder and liquid monomer; 
(2) wetting caused by the monomer mixing with 
the powder; (3) the type of mixing used, (4) the 
pro-chilling of the monomer; and the presence of 
oxygen.  

   Table 10.1    General chemical compositions of various commercially available bone cements   

 Brand 1  Brand 2  Brand 3  Brand 4 

  Powder components    40 g    40 g    40 g    40 g  

 PMMA (polymer)  88.85 %(w/w)  15.00 %(w/w)  89.25 %(w/w) 

 Polystyrene/MMA copolymer  75.00 %(w/w) 

 MMA/PMMA copolymer  83.55 %(w/w) 

 Benzoyl peroxide (initiator)  2.00 %(w/w)  0.5–1.6 %(w/w)  0.75 %(w/w) 

 Sulphate barium 
(radio-opacifi er) 

 9.10 %(w/w)  10.00 %(w/w)  10.0 %(w/w) 

 Zirconium dioxide 
(radio-opacifi er) 

 15.00 %(w/w) 

  Liquid components    18.37 g    20 ml    20 ml    20 ml  

 MMA (monomer)  98.215 %(w/w)  99.26 %(w/w)  97.40 %(v/v)  97.25 %(v/v) 

  N , N -dimethyl- p -toluidine  0.816 %(w/w)  1.96 %(w/w)  2.62 %(v/v)  2.75 %(v/v) 

 (accelerator)  0.002 %(w/w)  75 ± 15 ppm  75 ± 10 ppm 

 Hydroquinone (stabilizer)  15–20 ppm 

  Other monomeric additives  

 Ethyl alcohol  0.945 %(w/w) 

 Ascorbic acid  0.022 %(w/w) 

 Chlorophyll (colour additive)  0.002 %(w/w) 
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    Physical and Mechanical Properties 
of the PMMA 

 The physical and mechanical characteristics of 
the acrylic bone cement were determined by the 
ISO 5833–1992 standard [ 12 ] (Table  10.2 ). The 
liquid and powder mixing procedure should be 
infl uenced by various factors in order to modifi er 
the properties. These factors include the amount 
of the ingredient, the temperature and humidity 
of the mixing environment, the type of sterilisa-
tion used and the type of mixing (hand, centrifu-
gation, or vacuum mixing) used to prepare the 
cement; as well as the surgical installation used 
in the mixing process.

      Physical Properties 
 Cement viscosity is increased by the addition 
of fi bres, greater molecular weight of the poly-
mer, solubility of the polymer in the monomer, 
variation in the powder composition or bead size 
distribution, and the temperature of the cement 
components. Pre-chilling the cement compo-
nents increases the setting time and reduces the 
viscosity of the cement, as compared to cement 
components which are stored at room tempera-
ture prior to mixing. In contrast, mixing of bone 
cement under vacuum generally decreases the 
setting time. At the time mixing, the components 
are usually hand mixed in a bowl. However, with 
the use of vacuum mixing or centrifugation after 
mixing, the cement porosity and pore size can 
be reduced to improve the mechanical properties 
of the cured cement [ 13 – 16 ]. Greater monomer 
evaporation may occur if the applied vacuum is 
too great during vacuum mixing. 

 Poor monomer wetting in the powder can 
occur if: (1) the powder is insoluble or only 
 partially soluble in the liquid MMA monomer; 

(2) an inadequate amount of MMA monomer is 
mixed into the powder; or (3) the free volume 
is lowered due to tighter packing of powder. On 
the other hand, styrene copolymers may have 
better wetting properties due to a higher free 
volume which allows for faster monomer diffu-
sion rates [ 17 ]. 

 High temperatures of the polymerisation pro-
cess can cause evaporation of the monomer leading 
to microporosity in the curing cement. There are 
a number of factors that affect the maximum exo-
thermic temperature. The following may contribute 
to a higher cement polymerisation temperature: (1) 
a large cement mass; (2) a cemented device with 
a low conduction heat;(3) a cemented device that 
is not cooled before implantation; (4) lack of irri-
gation at the implant site; (5) a greater amount of 
monomer mixed into the powder; or (6) increased 
levels of accelerators or initiators which may form 
radicals initiating rapid polymerisation [ 18 ]. 

 Microporosity in the bulk cement may result 
form the following: (1) monomer evaporation 
during the exothermic reaction and/or leaching 
of the unreacted monomer [ 19 ]; (2) fl ow and 
wetting during mixing with the beads leading to 
air entrapment; (3) CO 2  formation due to a ben-
zoyl peroxide reaction with the accelerator; (4) 
turbulent cement fl ow during the insertion of the 
implant into the cement; (5) the mixing method 
used to assemble the bone cement components.  

    Mechanical Properties 
 The implant-cement-bone interfacial strengths 
are also considered risk factors [ 20 ]. Implant- 
cement interfacial loosening may result from: (1) 
cement fracture or poor implant-cement bonding 
due to foreign matter; (2) inadequate coverage at 
the implant-cement interface [ 21 ]; (3) amount of 
mechanical interlocking; or (4) a lack of chemi-
cal bonding at this interface. More specifi cally, 
the inadequate cement coverage at the interface 
may be caused by: (1) shrinkage of the cement 
due to polymerisation; (2) poor mechanical inter-
locking strength between the implant and cured 
bone cement [ 22 ]; or (3) an increase in the bone 
cement viscosity over time leading to poor con-
tact between the cement and implant. 

 Cement-bone loosening may result from: (1) 
cement fracture; (2) formation of gaps at the 

   Table 10.2    Physical and mechanical properties   

 ISO-5833 

 Dough time  5 ± 1.5 min 

 Setting time  3–15 min 

 Exothermic temperature  <90 °C 

 Compression strength  70 MPa 

 Tensile strength  50 MPa 

 Tensile modulus  1.8 GPa 
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interface; or (3) tissue failure. More specifi cally, 
the gaps may form due to: (1) bone resorption; 
(2) foreign material at the cement-bone interface 
such as bone particles or blood [ 23 ]; (3) shrink-
age of the cement after implantation; (4) low 
cement pressurisation during implantation [ 24 ]; 
or (5) movement of the implant before hardening 
of the cement. For gaps caused by shrinkage, the 
shrinkage is greater as the porosity is decreased. 

 A fatigue fracture of the cement is a result of a 
cement stress which exceeds the fatigue limit of 
the bone cement. High cement stress may be due 
to an applied stress or a residual stress, cement 
modulus, implant loosening or poor cement 
bonding with the implant or with the bone. Other 
causes of cement fracture include; fi brous mem-
brane formation between the bone and cement, 
improper cement mantle thickness (a layer too 
thin or too thick), lamination of the cement due to 
the presence of blood or other body fl uids, poor 
canal preparation or areas of increased stress (e.g. 
the presence of a pore or a sharp corner of an 
implant). High stress applied to the bone cement 
may be caused by: (1) Increased patient weight 
or activity; (2) lack of constraint; (3) adverse 
implant size and orientation; or (4) inadequate 
bone cement mantle. The latter three are related 
to the quality of the tissue and the applied surgi-
cal technique. A weakness may also be caused by 
bone resorption or by disease. 

 Cement mechanical properties are affected by 
the level of stress at a specifi c site. This is infl u-
enced by: (1) irregular trabecular bone; (2) porous 
implant coatings; (3) sharp edges on the implant; 
or (4) a defect in the bulk cement such as a pore 
or additives. More specifi cally, localized stress 
caused by porosity and inclusions (e.g. additive 
agglomeration, redio-opacifi ers and antibiotics) 
are perhaps the greatest factor affecting cement 
fatigue properties. The addition of agglomerates 
(e.g. redio-opacifi ers) may also play a similar and 
signifi cant role in cement fracture.   

    Biological Properties of the PMMA 

 All biomaterials must be biocompatible. PMMA 
cements are considered biocompatible despite 

the toxic potential of the bone cement monomer 
and the heat generated during the exothermic 
polymerisation. 

    Cellular Reactions 
 Initially, the major problems of PMMA bone 
cement are related to the temperature increase 
during the polymerisation and the release of 
residual monomer after polymerisation. PMMA 
is non toxic, but the residual monomer (MMA) 
can cause an irreversible deterioration of the cells 
[ 25 ,  26 ]. After 15 min of polymerisation, there 
is a residual monomer of approximately 3–5 %. 
This percentage may decrease up to 1–2 % with 
time [ 25 ]. Haas et al. [ 19 ] measured the resid-
ual MMA content to be 3.3 % after 1 h, 2.7 % 
after 24 h and 2.4 % after 215 days under stor-
age in an ambient air environment. According to 
Schoenfeld et al. [ 27 ], the toxicity of the mono-
mer disappears after 4 h. In our study of cement 
fragments which were harvested at the time of 
prosthetic revisions 48–78 months after implan-
tation, there was no apparent toxic effect of the 
cement on the fi broblasts (L929) and human 
osteoblasts [ 28 ]. However, there may be vari-
able reactions to PMMA depending of the cells 
involved. 

 PMMA is not cytotoxic with regard to human 
fi broblasts  in vitro . However, it can stimulate pro-
liferation and protein synthetic activity [ 29 ]. The 
increased proliferation of fi broblasts in response 
to PMMA exposure can be associated with an 
increased production of collagen and chemi-
cal mediators at the bone-cement interface [ 30 , 
 31 ]. Chemical mediators, such as prostaglandin 
E2 (PGE2) and other cytokines (interleukine-1), 
have been shown to mediate infl ammation, as 
well as induce cell division and differentiation 
[ 32 ,  33 ]. Fibroblasts have previously been impli-
cated in the infl ammatory response. Therefore, 
it is possible that they are responsible for the 
recruitment of infl ammatory cells at the bone-
cement interface via release of chemical media-
tors such as PGE2. 

 Monocytes and macrophages are signifi -
cant agents of the infl ammatory reaction. The 
principal function of the tissue macrophage is 
phagocytosis and the secretion of cytokines and 
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growth promoters. PMMA particles induce mac-
rophages to secrete protein and to express mRNA 
of the proinfl ammatory cytokines, interleukin-1β 
(IL- 1β), interleukin-6 (IL-6), tumour necrosis 
factor alpha (TNF-α), PGE2, proteinases, col-
lagenases and oxygen metabolites. Other fac-
tors expressed include chemokines such as 
macrophage- activating and chemotactic pro-
tein 1 (MCP-1) as well as macrophage infl am-
matory protein (MIP) which may be linked to 
osteolysis [ 34 – 43 ]. Horowitz et al. described 
a dose- dependent release of arachidonic acid 
metabolites by murine macrophages induced by 
PMMA particles [ 44 ]. 

 The osteoclast is a multinucleated cell which 
carries out the unique and highly specialized 
function of lacunar bone resorption. The osteo-
clast belongs to the mononuclear phagocyte sys-
tem which consists of various cell types including 
monocytes, macrophages, Kupffer cells and 
microglia. A common feature of all these cells is 
their avid and effi cient ability to carry out phago-
cytosis. Most studies have focused on the effect 
of biomaterial particle phagocytosis on the func-
tion of these cells and the observation that specifi c 
types of particle enhance the release of media-
tors thus stimulating osteoclastic bone resorp-
tion [ 45 – 47 ]. In addition, it has been shown that 
macrophages after having phagocytosed these 
particulates are capable of osteoclast differentia-
tion [ 48 ]. Wang et al. [ 49 ] found that osteoclasts 
having phagocytosed PMMA wear particles 
exhibit normal lacunar bone resorption. As well, 
the phagocytosis of PMMA particles does not 
appear to compromise the response of osteoclasts 
to calcitonin or to the ability to carry out lacunar 
resorption, an observation that remains contro-
versial. PMMA particles can inhibit osteoblast 
activities causing a decrease in cellular prolifera-
tion and collagen synthesis.  

    Local Tissue Reactions 
 PMMA bone cement is generally well tolerated 
and bony tissue, generally, fl ourishes on it’s sur-
face [ 29 ,  43 ]. However, there is evidence of the 
infl ammatory potential of bone cement [ 50 ]. The 
tissue reaction around bone cement has several 
phases. Initially, there is a necrosis of the bone 

tissue and marrow to a depth of 5 mm depth 
related to the surgical wound and polymerisa-
tion. Next, there is a phase of cicatrisation lasting 
up to 6 months followed by a tissue granulation 
which develops over a period of 2 years. This tis-
sue granulation is a characteristic of the chronic 
infl ammation. The cement is then surrounded by 
a layer of fi brous tissue [ 51 – 54 ] and occasion-
ally by a varying thickness of fi brocartilage [ 55 , 
 56 ],.. Albrektsson [ 57 ] reported a 59 % reduction 
in the in growth of cortical bone into titanium 
bone chambers 1 month after cement applica-
tion. Morberg et al. [ 58 ,  59 ] reported as well a 
decreased bone formation around cemented 
tibias, being 21 and 31 % lower than the non- 
cemented contralateral tibias after 3–11 and 
32–55 weeks, respectively. 

  Osteonecrosis     
 Cell necrosis may occur because of the following: 
(1) monomer toxicity; (2) the high temperature 
of cement polymerisation; (3) pressure necrosis; 
(4) osteolysis caused by wear debris generation; 
or (5) the impairment of blood circulation in the 
bone caused by reaming and by the presence 
of cement [ 4 ]. Bone cement has been shown to 
decrease bone metabolism possibly causing a 
lower revascularisation [ 60 ,  61 ].  

 The production of heat at the bone-cement 
interface during the cement polymerisation  in 
vitro  is between 60 and 90 °C [ 62 – 64 ] and  in vivo  
between 40 and 50 °C [ 65 ,  66 ], both depending 
on the thickness of the cement. The effect of this 
heat generation on bone was studied by Lundskog 
[ 67 ] who concluded that the exothermic polymer-
isation did not add to the surgical trauma and had 
no infl uence on bone generation. Lee et al. [ 68 ] 
found that the leakage of monomer was very low 
after the curing. Likewise, Sund and Rosensuist 
[ 69 ] stated “the effect of polymerisation heat and 
monomer toxicity are probably much less impor-
tant than the trauma effected by blocking of the 
normal medullar blood supply”. Rhinelander 
et al. [ 66 ] who noted a maximal temperature of 
55 °C with the placement of thermometers at the 
bone-cement interface, concluded that thermal 
necrosis from cement polymerisation is not a 
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 signifi cant factor. Furthermore, after direct con-
tact with acrylic cement, the delicate trabeculae 
of cancellous in the metaphysis contained healthy 
appearing osteocytes after 6 weeks. 

  Osteolysis     
 Bone surrounding an implant may undergo oste-
olysis leading to loosening and a decrease in 
cancellous bone strength. This may result in a 
weakening of the cement fi xation or the formation 
of a gap between the cement and bone. Acrylic 
cement fragments are engulfed by eosinophilic 
histocytes which stimulated enzymatic release 
leading to bone resorption [ 70 ,  71 ]. In addition, 
bone cement particles could accelerate foreign 
body deterioration of articulating polyethylene 
inserts [ 72 ,  73 ]. The initial event can be either 
disintegration of bone cement or deterioration 
of the articulating surface. Phagocytosis and the 
development of foreign-body granulomas lead to 
osteolysis of the anchoring bone; thus disintegra-
tion or deterioration are enhanced accelerating 
the progress of osteolysis [ 51 ].  

  Formation of Fibrous Membrane     
 The formation of fi brous tissue is caused by the 
toxicity of the monomer release as well as the 
heat production of the polymerisation causing 
a chronic infl ammation and eventual osteone-
crosis and an osteolysis. It is a signifi cant fac-
tor which induces the micromovements and the 
loosening of surgical implants. The thickness of 
the fi brous membrane around PMMA cement 
was of 40 μm and 60–70 μm after 1 and 4 weeks 
respectively in the tibiae diaphysis [ 53 ,  74 ]. In 
the human femur, the thickness was measured at 
20–300 μm at 11 months to 7 years [ 55 ] and at 
3–5 mm long-term. [ 54 ]   

    Implant Loosening 
 Revision of a cemented orthopaedic prosthesis 
may be necessary when pain occurs due to either 
the movement of the prosthesis, a bone fracture, 
bone cement fracture or prosthesis fracture. More 
specifi cally, these complications may result from 
prosthesis-cement, or cement-bone interfacial 
loosening or micromotion due to cement fracture 

or cement creep. Loosening of the prosthesis and 
fracture of the cement may lead to increased wear 
and bone cement particle formation. Those par-
ticles approximately less than 5 μm in size are 
phagocytosised by macrophages which become 
activated and directly or indirectly cause bone 
remodelling and osteolysis [ 14 ,  75 – 78 ]. However, 
PMMA particles ingested by macrophages can-
not be degraded by lysosomal enzymes [ 45 ]. The 
fi nal result is cell death leading to tissue necrosis 
and chronic infl ammation [ 79 ]. For the femoral 
stem, the lower viscosity bone cement had a revi-
sion rate 2,5 times greater when compared to the 
use of higher viscosity cements. Additionally, a 
lower modulus cement had a revision rate that 
was 8.7 greater than the higher viscosity cements 
[ 80 ]. In general, revisions are required between 
3.6 and 22.8 years following a total hip prosthe-
sis. The most frequent periods of revision are 
either during the fi rst 3 years or after 8 years 
postoperatively [ 81 ]. The aseptic loosening of 
the prosthesis is the principal cause of revision, 
implicated in: 73–74 % of the total cases [ 82 ,  83 ]. 
Subcritical debonding associated with mecha-
nisms of cyclic fatigue crack growth are particu-
larly relevant considering that these systems will 
experience over 1,000,000 physiological load-
ing cycles per year, and are expected to survive 
a minimum of 10–15 years. In these terms, it is 
critical to understand the progressive debonding 
of prosthesis-PMMA cement interface [ 84 ].  

    Secondary Reactions 
  Systemic and Cardiovascular Reactions     
 Methylmethacrylate (MMA) is very volatile and 
is rapidly cleared from body through the lungs 
resulting in a local concentration that remains 
very low [ 85 ,  86 ]. MMA monomers escaping 
from the implanted polymerising cement have 
been associated with a decrease in both sys-
tolic blood pressure and arterial oxygen tension 
[ 87 ] and possibly cardiac arrest. [ 88 ] However, 
many studies have not confi rmed this direct cor-
relation between the concentration of MMA 
and blood pressure, heart depression or vaso-
dilatation [ 86 ,  89 ,  90 ]. Circulatory disturbance 
during hip implantation may be primarily due 
to either the “implantation syndrome” or to the 
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blockage of pulmonary circulation by fat, bone 
marrow and entrapped air rather than MMA 
monomer. Release of MMA could cause a drop 
in the partial pressure of arterial oxygen leading 
to an increased heart rate [ 91 ,  92 ]. The possible 
metabolic pathway of MMA monomer is that the 
residual monomer is converted to methylacrylic 
acid rather than methylester. The methylacrylic 
acid, as a coenzyme A ester, is a normal interme-
diate in the catabolism of valine and the existence 
of an enzyme system would permit methylacrylic 
acid to enter a normal pathway, leading to carbon 
dioxide formation. Over 80 % of an administered 
dose of MMA is expired as carbon dioxide within 
5–6 h [ 90 ].  

  Sensitising     
 While MMA is considered to be relatively immu-
nologically inert, it can induce phagocytosis, 
the activation of macrophages and giant cells 
as well as the migration of infl ammatory mono-
nuclear cells [ 13 ,  14 ,  52 ,  74 ,  78 ]. Jensen et al. 
[ 52 ,  74 ] showed that MMA is extremely active 
in a guinea-pig maximisation test. The hospital 
personnel who repeatedly handle coring acrylic 
bone cement are potentially at risk of developing 
a delayed sensitivity [ 93 ]. Bengston et al. [ 94 ] 
reported that patients having received a cemented 
hip prosthesis had increased levels of anaphyla-
toxines which can contribute towards circulatory 
and respiratory disturbances. In contrast, Kanerva 
et al. [ 95 ] have found allergies to MMA to be rare 
in a study of patients between 1974 to 1992 (4 
patients: a orthodontist, 3 dental technicians).     

    Improvement of the PMMA 

 The objective of the development of PMMA 
bone cement is to improve the biocompatibility, 
to diminish the temperature of polymerisation, 
to eliminate the generation of wear debris and 
fatigue fractures, as well as to increase the elastic 
modulus. Therefore, efforts to improve PMMA 
bone cement have proceeded in two main direc-
tions: (1) to change the composition and (2) to 
improve preparative techniques. 

 Tertiary aromatic amines are used as accel-
erators for the benzoyl peroxide (BPO) initi-
ated MMA polymerisation. A complex series of 
reactions occurs between BPO and the amine, 
and free radicals are produced that initiate the 
polymerisation process [ 96 ,  97 ]. Several types 
of amine accelerators, such as dimethyl aniline 
and its derivatives, have been used in the poly-
merisation of MMA by the amines/BPO initiator 
system. Their relative effi ciency as accelerators 
and their activating effects on the rate of poly-
merisation have been reported [ 96 ,  97 ]. Several 
workers have studied bone cement properties 
using a number of N,N-dimethyl-p- toluidine 
derivatives, such as, 4-dimethylaminobenzyl 
methacrylate, and 4-dimethylamino phenethyl 
alcohol [ 96 – 99 ]. Bone cement products con-
taining residual monomer and amine have been 
reported in preparation where the amines/BPO 
molar ratio is outside the equimolar range [ 11 ]. 
Other study showed that MMA polymerisation 
in the presence of tir- n -butylborane used as the 
cure initiator does not occur too rapidly, and 
the high temperature during polymerisation is 
lower than that of conventional bone cement. 
The application time is short enough for clinical 
use, namely, within 10 min. As for the physi-
cal properties, it has a 3 % lower elastic modu-
lus and greater ductility than the conventional 
cement [ 100 ]. 

 Several workers have added particles or fi bres 
to PMMA bone cement to improve the biocom-
patibility et the mechanical properties. The fi bre 
reinforced bone cement possessed signifi cantly 
greater stiffness and displayed poor intrusion 
characteristics [ 101 – 103 ]. A number of attempts 
have been made at fi lling a PMMA matrix with 
hydroxyapatite and tricalcium phosphate par-
ticles, and with bioactive glass [ 104 – 106 ]. The 
short-term results obtained are encouraging and 
suggest that the chemical nature of the bone/
bioactive materials interface is very important 
relative to osteoconductivity [ 107 ]. For instant, 
PMMA bone cement can be used only to effec-
tuate mechanical fi xation for prosthesis or to 
physically fi ll bone defects. It however, does not 
exhibit the functions of osteointegration, biofi xa-
tion, nor bioresorption.  
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    Calcium Phosphate Cement (CPC) 

    Chemical Compositions 
and Crystallisation of the CPC 

 Calcium phosphate cements can be handled in 
paste form and set in a wet medium after pre-
cipitation of calcium phosphate crystals in the 
implantation site. Depending on the products 
involved in the chemical reaction leading to the 
precipitation of calcium phosphate, different 
phases can be obtained with different mechani-
cal properties, setting times and injectability. 
Numerous components can enter the chemical 
reaction leading to calcium phosphate precipita-
tion. More than 100 different of calcium ortho-
phosphate cements were used to determine the 
compressive strength and the diametric tensile 
strength after storage. The setting was carried out 
on more than 15 formulations. These cements 
could be divided into four classes: dicalcium 
phosphate dihydrate, calcium and magnesium 
phosphates, octocalcium phosphate, and non- 
stoichiometric apatite cements [ 108 ,  109 ]. The 
calcium and phosphate compounds in Table  10.3  
were often used to make the CPC. Moreover, 
adjuvants such as chitosan, lactic acid and glyc-
erol are added to improve the injectability of 
the cement, and accelerators such as Na 2 HPO 4 , 
sodium phosphate, sodium succinate, and 
sodium chondroitin sulphate to accelerate its set-
ting time.

   The hardening process of CPC is complex 
and involves the dissolution of solid particles in 

the liquid, precipitation of HAP from the solu-
tion, and the reaction and diffusion on the par-
ticle surface. Under ideal conditions, continuing 
dissolution of the reactions supplies calcium and 
phosphate ions to the solution, while HAP forma-
tion depletes these ions. This process drives the 
solution composition to an invariant point, which 
is the intersection of the solubility curves for 
these two reactants. The pH is about 7.8, but this 
process is affected by many parameters, such as 
the component and the particle sizes of the solid 
phase, presence of HAP seed and  properties, 
aqueous liquid, etc.  

    Physical and Mechanical Properties 
of the CPC 

 All CPC are formulated as solid and liquid com-
ponents that, when mixed in predetermined pro-
portions, react to form HAP. This fi nal reactant 
is important because it determines whether the 
end product will be nonresorbable, minimally 
resorbable, or completely resorbable. The pow-
der component usually consists of 2 or more 
calcium phosphate compounds, whereas the liq-
uid component is either water, saline, or sodium 
phosphate (Table  10.4 ). Some of the calcium 
and phosphate compounds involved in bone and 
mineral formation, or as implants, are listed in 
Table  10.3 . These materials have been well char-
acterised chemically and have not been reported 
to cause foreign body reactions or other forms of 
chronic infl ammatory response [ 110 ].

    Table 10.3    Calcium and phosphate compounds   

 Name  Abbreviation  Formula  Ca/P  Solubility  Acidity  Stability 

 Monocalcium phosphate 
monohydrate 

 MCPM  Ca(H 2 PO 4 ) 2  · H 2 O  0.5 

 Dicalcium phosphate anhydrous  DCPA  CaHPO 4   1.0  +++++  +++++  + 

 Dicalcium phosphate dihydrate  DCPD  CaHPO 4  · 2H 2 O  1.0  +++++  +++++  + 

 Octacalcium phosphate  OCP  Ca 4 H(PO 4 ) 3   1.33  ++++  ++++  ++ 

 Amorphous calcium phosphate  ACP  Ca 9 H(PO 4 ) 6   1.3–1.5  +++  +++  +++ 

 Tricalcium phosphate  TCP  Ca 3 (PO 4 ) 2   1.5  ++  ++  ++++ 

 Hydroxyapatite  HAP  Ca 10 (PO 4 ) 6 (OH) 2   1.67  +  +  +++++ 

 Tetracalcium phosphate  TTCP  Ca 4 (PO 4 ) 2 O  2.0 
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   The physicochemical reaction that occurs dur-
ing mixing of the solid and liquid compounds of 
CPC is complex. Briefl y, when different calcium 
phosphate salts are mixed in an aqueous envi-
ronment, dissolution of the solid compounds, 
then a precipitation or a nucleation, and fi nally 
a phase transformation occurs. The process lead-
ing to fi nal phase transformation of the different 
forms of calcium phosphate salts is dependent 
on their solubility, product constant and pH. It is 
important to realise that water is not a reactant in 
the setting reaction of the cement, but it allows 
dissolution of the solids and precipitation of the 
products. The nature of the apatite makes the 
fi nal form biocompatible and promotes a chemi-
cal bond to the host bone. 

 There is a possibility to transform the cement 
into an injectable paste by addition of adjuvants 
without fundamentally modifying the chemical 
reactions occurring during setting and harden-
ing of the CPC. Leroux et al. [ 111 ] found that 
glycerol greatly improved the injectability and 
increased the setting time, but decreased the 
mechanical properties. Lactic acid reduced the 
setting time, increased the material toughness, 
but limited the dissolution rate. After injection, 
the cement did not present any disintegration. The 
effects of lactic acid were correlated with the for-
mation of calcium complex. Its association with 
sodium glycerophosphate is particularly impor-
tant. Chitosan alone improved the injectability, 
increased the setting time, and limited the evolu-
tion of the cement by maintaining the CPC phase. 

 The CPC have an inherent compressive 
strength at the fi nal set that can govern their util-
ity. Varying the crystallinity of the HAP or the 
particle size of materials used in the solid phase 
may alter the compressive strength. Because 
CPC are relatively insoluble at neutral and alka-
line pHs, their porosity is related to the ratios of 
powder to liquid used in the starting mixture. 
Obviously, a cement with a high porosity would 
be expected to be of low compressive strength. 
Cements with a high compressive strength would 
be expected to fi nd utility where they would 
stabilise nondisplaced bone fractures and com-
minutions, or repair large bone defects, or fi xes 
surgical prosthesis. Cements with a low compres-
sive strength would limit their utility and only fi ll 
small bone defects.  

    Biological Properties of the CPC 

 The calcium and phosphate compounds of the 
CPC have attracted considerable attention because 
they set like a dental cement and form hydroxy-
apatite as the end product which is the major 
mineral components of teeth and bone. A num-
ber of studies  in vitro  and  in vivo  have shown that 
CPC had no toxicity, negative mutagenicity and 
potential carcinogenicity [ 112 ,  113 ], no or slight 
infl ammatory reactions, good osteoconductivity 
and bioresorption [ 114 ] as well as light exother-
mic temperature (<40 °C) during CPC hardening. 
However, CPC particles could be harmful for 

   Table 10.4    Properties of the CPC   

 Authors  Powders  Liquid  Setting (min)  Strength (MPa)  Resorption 

 Brown and Chow [ 5 ]  DCPD/DCP/TTCP/HA  H 2 O  30–60  10  Minimally 

 Lemaitre et al. [ 6 ]  β-TCP/MCPM  H 3 PO 4   10  25–35  Completely 

 BoneSource [ 110 ]  TTCP/DCPD  H 2 O  10–15  36  Minimally 

 Norian [ 110 ]  MCPM/α-TCP/CaCO 3   CaHPO 4   10  55  Completely 

 Fernandez et al. [ 10 ]  DCPA/α-TCP  H 2 O  –  30–40  Yes 

 Kurashina et al. [ 8 ]  α-TCP/DCPD/TTCP  Sodium succinate 
 Sodium 
 Chondroitin 
 Sulphate 

 –  –  Yes 

 Liu et al. [ 9 ]  TTCP/DCPD/DCPA  H 2 O  11  70  Yes 

 Ginebra et al. [ 7 ]  α-TCP/β-TCP  Na 2 HPO 4   5–12  40  Yes 
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osteoblasts with a decrease of viability, prolifera-
tion and production of extracellular matrix, espe-
cially when their size was smaller than 10 μm. A 
dose effect was present, ratio of 50 CPC particles 
per osteoblast could be considered as the maxi-
mum of what an osteoblast supported. The acidi-
fi cation of the medium due to the dissolution of 
the CPC could not be responsible for the decrease 
of osteoblast functions because the control of the 
pH value of the medium have shown that it did 
not change. It was then the direct interaction of 
osteoblasts with particles which was involved in 
the decrease of osteoblast functions [ 115 ]. Some 
adjuvants of the CPC can induce acidifi cation 
and release some elements to modify the bio-
logical properties. We have cultivated osteoblasts 
on the CPC surface, cell proliferation increased 
after the fi rst 7 days followed by a decrease after-
wards and an absence of cells noted by the 21st 
day. This result indicated that the acidifi cation of 
the medium and disaggregation of the CPC, are 
the two important factors: directly infl uencing 
cellular attachment and proliferation  in vitro  at 
cement surface. But, these cements are generally 
the product of an acid-base reaction which did not 
seem to induce any necrosis as no visible zone of 
dead tissue  in vivo  due to the system of the acid-
base equilibrium in the organism. 

 The tissue reactions to the CPC are different in 
different tissues. When CPC was implanted in the 
cutaneous tissue, a slight infl ammatory reaction 
with numerous macrophages and few foreign- 
body giant-cells were observed in the connective 
tissue adjacent to the cement implant. However, 
when CPC was implanted in the bone tissue, new 
bone was formed around the implant from 1 to 
2 weeks, cements were resorbed and replaced 
by bone tissue from 4 to 8 weeks, then an bone 
remodelling occurred in the implanted zone, and 
no infl ammatory reaction nor osteonecrosis at 
all phases [ 114 ,  116 ,  117 ]. From this difference, 
it could be hypothesised that micromovements 
persist in the materials implanted in the soft tis-
sue which stimulate the tissue around implant to 
cause infl ammatory reaction. On the contrary, the 
materials implanted in the bone tissue are immo-
bilised by bone tissue which may explain the 
absence of this reaction. 

 There is controversy as to the resorption and 
replacement of CPC by bone tissue. Ikenaga 
et al. [ 118 ] reported that a CPC resorption was 
about 8 % at 2 weeks and 92 % at 12 weeks, and 
new bone formation was about 1 % at 2 weeks 
and 35 % at 12 weeks in the femoral condyle of 
rabbit. When CPC was implanted in same site, 
Frayssinet et al. [ 119 ] found a resorption of 54 %, 
68 % and 89 %, and new bone formation of 25 %, 
32 % and 23 % at 2, 6 and 18 weeks respectively. 
Our study have shown that the new bone forma-
tion increased from 2 to 24 weeks, and the mate-
rial resorption was about 10 %, 15 %, 30 % and 
60 % at 2, 4, 12, and 24 weeks respectively in 
the tibiae condyle of rabbit [ 114 ]. In contrast, 
Costantino et al. [ 120 ] made 2.5 cm in diameter 
full-thickness parietal skull defects in cats and 
reconstructed them with CPC. By 6 months, the 
CPC was replaced by new bone and soft tissue 
7.2 mm in depth from the cement surface. Of the 
replacement tissue, 77.3 % was new bone and the 
remaining portion was soft tissue. Friedman et al. 
[ 121 ] found very little resorption of CPC or new 
bone deposition at months when the frontal sinus 
in the cat was obliterated and reconstructed with 
CPC. These differences are thought to be caused 
by many factors, including differences in species 
and age among the experimental animals, ana-
tomical site, method and duration of implanta-
tion, composition of the CPC, etc. 

 CPC is only an osteoconductor without osteo-
induction, and is in direct contact with osteoid or/
and bone, but osteoblasts are rarely in direct con-
tact with CPC surface. This maybe due to that the 
space formed rapidly by the material degradation 
at bone/cement interface, or/and products of the 
dissolution infl uence cellular adhesion. The bio-
degradation of the CPC respects the mechanisms 
of biomaterial which are resorption by phago-
cytic cells and dissolution by a physicochemical 
process. However, the degradation at the begin-
ning is performed by the dissolution with the 
weak cellular process because of the presence of 
few osteoclasts, macrophages and foreign-body 
giant cells. From the 2 nd  week, numerous mac-
rophages, few foreign-body giant cells and rare 
osteoclasts are found around cement, and CPC 
particles form at the interface and inside the cells. 
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We consider that the process of biodegradation is 
directly infl uenced by the type of crystallisation 
of the calcium phosphate material. For example, 
the sintered calcium phosphate bioceramics pro-
cessed at a high temperature, exhibit good cryst-
allisation and are primarily degraded by a process 
dependent on interstitial liquids. However, the 
phosphocalcic bone cement is formed by phys-
icochemical crystallisation and is primarily 
degraded through a cellular process. 

 The mechanical properties of the CPC (com-
pressive strength from 20 to 60 MPa) is less 
strong than that of PMMA cement (>70 MPa). 
Biodegrdation and new bone formation during 
implantation modify their properties. Yamamoto 
et al. [ 122 ] tested the CPC showed that a com-
pressive strength increased at 3 days and 1 week, 
and decreased at 4 weeks  in vitro ; and  in vivo , it 
increased at 3 days and 1, 2 weeks and decreased 
at 4 weeks  in vitro . The values of these results 
 in vivo  was only 50–70 % of that  in vitro . Our 
study revealed a strong decrease of the compres-
sive strength after 2 weeks due to biodegrada-
tion, followed by a slight increase from 4 weeks 
due to new bone formation. There was a general 
decrease in the elastic modulus with time [ 114 ]. 
This change of the mechanical strength is sup-
posed to be related to the kinetics of recrystal-
lisation where the mechanical strength increased 
according to the progress of recrystallisation, 
but degradation of resorption subsequently starts 
after the crystallisation. This change also sug-
gests that the calcium phosphate cement would 
be remodelled or resorbed in long term. This is 
the same as hydroxyapatite used as a bone substi-
tute material, which is also the expected charac-
teristic of calcium phosphate cement to be used 
for enhancing the initial fi xation of implants and 
promote biological fi xation in long term.  

    Clinical Application of the CPC 

 The CPC are a resorbable material with osteocon-
duction, which are not toxic, not exothermic and 
excellently biocompatible, but their mechanical 
properties are not ideal which limits their clinical 
utilisation. They are only used to fi ll small bone 

defect or to augment bone volume as bone sub-
stitute. Shindo et al. [ 123 ] reported that CPC has 
been used to augment the supraorbital ridge in 
dogs, as well as in a variety of skull base defects. 
It was also used in 24 patients, to augment or 
obliterate the frontal and ethmoid sinus regions 
and mastoid cavities. When these patients were 
observed for 2 years, it was necessary to remove 
the material in only a patient. Kveton et al. 
[ 124 ,  125 ] reported on the 2-year follow-up of 
15 patients who underwent CPC reconstruction 
for translabyrinthine, middle cranial fosse, and 
suboccipital craniectomy; no complication were 
shown. Stankewich et al. [ 126 ] and Goodman 
et al. [ 127 ] showed augmentation of femoral 
neck fracture with CPC, which signifi cantly 
improved the initial stability and failure strength 
of the fractures. The cement has also been used 
to stabilise distal radius fracture in 6 patients and 
appeared to promote healing and permit early 
mobilisation of the wrist. [ 128 ] Kopylov et al. 
[ 129 ] used an injectable calcium phosphate bone 
cement, with external fi xation in the treatment of 
redisplaced distal radial fractures by a prospec-
tive randomised study in 40 patients. The cho-
sen primary effect variable was grip strength at 7 
weeks. Patients treated by injection of CPC had 
better grip strength, wrist extension and forearm 
supination at 7 weeks. There was no difference in 
functional parameters at 3 months or later. None 
of the methods could fully stabilise the fracture: 
radiographs showed a progressive redislocation 
over time.  

    Development of the CPC 

 The rational of using CPC is that this material 
will be completely resorbed and replaced by 
new bone. Two processes are simultaneously 
involved: (1) the degradation of CPC performed 
by osteoclasts and macrophagtes, and (2) the 
creation of new bone performed by osteoblasts. 
The presence of CPC particles could disturb the 
osteoblasts ability to make new bone. An unstable 
mechanical situation could result if the bone for-
mation is delayed by the particles resulting from 
the CPC degradation. It would then be important 
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for future CPC development to minimise the gen-
eration of particles smaller than 10 μm. 

 Since the mechanical properties limit the 
clinical utilisation of the CPC, its composition or 
the adjuvants may be modifi ed to maximise crys-
tallisation to improved the mechanical proper-
ties. On the other hand, the equilibrium between 
osteogenesis and biodegradation is attentively 
thought. When CPC is rapidly resorbed during 
implantation and new bone formation is insuffi -
cient in the implanted site, or slowly resorbed to 
prevent the new bone formation and CPC loose 
its initial properties, the mechanical properties 
are decreased. 

 In orthopaedic surgery, PMMA cements 
are frequently used to fi x prosthesis until today 
due to strong mechanical fi xation, but this fi xa-
tion presents loosening, especially in long term, 
because of the absence of biological fi xation by 
bone tissue. For the fi xation of surgical prosthe-
sis, there is ideal to obtain the mechanical fi xa-
tion in short time (during 1–3 months) and the 
biological fi xation in long time (starting after 
1 month). The mechanism of this fi xation sup-
poses that prosthesis are placed with a fi xation by 
bone cement or by bone tissue, then the cement 
is resorbed and conducts new bone formation till 
the surface of prosthesis with excellent osteointe-
gration to obtain the biological fi xation. We think 
that when non-cemented prosthesis is combined 
with CPC, there is: (1) a mechanical fi xation 
due to non-cemented prosthesis with a block-
age between the prosthesis and bone tissue, and 
(2) the cement can fi ll the residual cavity around 
prosthesis. Ostoegenesis and an osteoconduction 
will lead to the fi xation of the prosthesis by new 
bone formation.      
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      Cement with Antimitotics                     

     Philippe     Hernigou     

       There are two causes of failure in the surgical 
treatment of metastatic tumors : fi rstly, local 
recurrence of the tumour is not always prevented, 
even after extra-tumoral surgical exeresis and 
systemic chemotherapy, and secondly, failure of 
osteosynthesis after surgery. For these reasons, 
we thought that it would be helpful to provide 
local chemotherapy during and immediately after 
surgery, for instance, by adding an antimitotic 
to the acrylic cement used to replace the bone 
loss or to seal reconstruction prostheses. It was 
thought that the antimitotic would be likely to be 
released into the surrounding tissues in the same 
way as many antibiotics. Diffusion into the sur-
rounding tissues is well established for numerous 
antibiotics [ 1 – 6 ]. 

 We performed a number of experiments [ 7 – 9 ] 
to assess acrylic cement as a vehicle for local 
chemotherapy: (1) Diffusion of antimitotic drugs 
from acrylic cement was studied in vitro to deter-
mine that these drugs were released and were still 
biologically active after exposure to highly reac-
tive monomer and the exothermic curing reac-
tion. (2) Experiments in vivo were performed on 

two groups of animals. We tested the effect of 
such local chemotherapy on experimental osteo-
sarcoma of the rat and on dogs with spontaneous 
osteosarcoma. General and local tolerance of the 
antimitotic-loaded cement was assessed. 

 Finally, we report our preliminary clinical 
investigations [ 10 – 12 ] with pharmacological data 
from patients. It was possible to envisage using 
cement/drug mixtures to treat orthopaedic com-
plaints calling simultaneously for mechanical 
consolidation of the bone [ 13 ] and  in-situ  release 
of a drug: one example would be the strengthen-
ing of bone with cement after resection of a bone 
tumour [ 14 ] plus the local release of antimitotic 
drugs from the implant. 

 Cement was the fi rst vehicle to be studied 
for the purpose of releasing local chemotherapy. 
Methyl polymethacrylate (P.M.M.A.) fulfi ls the 
two following criteria: it has good biocompat-
ibility, since the system has to remain  in situ  
throughout the rest of the patient’s life; it is not 
biodegradable, so that it provides mechanical 
support for bone which has been weakened by 
the surgical exeresis of a neoplastic site. 

 Many antimitotic drugs are available; for our 
fi rst investigations we used methotrexate and 
cisplatine. Methotrexate was chosen because 
its concentration is easy to determine by spec-
trophotometry, and because there is an antidote 
(citrovorum rescue) for adverse effects. We used 
the acrylic bone cement currently employed by 
the authors for clinical arthroplasty. 

        P.   Hernigou ,  MD      
  Orthopaedics Department ,  Hôpital Henri Mondor , 
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    Study of the Release 
of Methotrexate (MTX) 

 The fi rst study investigated the  in-vitro  release 
of antimitotics included in acrylic cement. After 
confi rming that this release does actually occur, 
starts rapidly and is maintained over a prolonged 
period, two further studies were then carried out 
 in vivo : one in dogs suffering from spontaneous 
osteosarcoma, in order to investigate the release 
of the antimitotic from the cement into the 
plasma, the systemic safety and the local activity 
of the antimitotic-loaded cement following exer-
esis of the neoplasm. 

 The second study was conducted in laboratory 
rats with implanted osteosarcomas. This type of 
tumour was used so that a large number of ani-
mals with tumours could be studied and divided 
into uniform groups. Under these experimental 
conditions, it was possible to monitor the prog-
ress of the tumours left  in situ  as well as the histo-
pathological changes brought about by the local 
action of antimitotics released from implants.

•    Kinetic profi le of the release of MTX from 
implants    

 To investigate the release of MTX from a block 
of acrylic cement implanted into the tissues, cubic 
test pieces were placed in 32 ml of physiological 
saline, which was changed every day. The concen-
tration in the elution fl uid was measured before 
each change. These test pieces were made from a 
mixture of 500 mg methotrexate powder, 46.5 g of 
polymer, and 20 ml of monomer, poured into 2 cm 
cubic moulds. Each cube weighed about 13 g and 
contained approximately 100 mg of methotrexate. 
Methotrexate elution was evaluated daily for 15 
days and then weekly for 6 months for six speci-
mens, the results being given as an average of the 6. 

 The release profi les from implants containing 
1 % w/w have shown that methotrexate is released 
more rapidly during the fi rst 2 h and 10 % of the 
load is released within the fi rst 18 h. The rate 
of release then slows. Implants immersed in an 
extraction medium which is changed regularly, 
continue to release methotrexate for 6 months; 
the quantities released initially being greater the 
greater the initial load.

•    The release of methotrexate from acrylic 
cement    

 This has been investigated  in vivo  in dogs 
with spontaneous sarcoma. We therefore chose 
an animal with a weight close to that of man, 
and a spontaneous tumour with an evolution 
like that of human osteosarcoma, similarly 
hypervascular because this may infl uence the 
diffusion of cisplatine. In experiments at the 
National Veterinary School of Maisons-Alfort, 
we used dogs with spontaneous osteosarcoma. 
This is a malignant tumour [ 15 ,  16 ] with the 
same aggressive properties as the human type. It 
affects the very large breeds of dog such as the 
Saint Bernard (mean weight 70 kg), the mastiff 
(55 kg) and the boxer (30 kg). It progresses rap-
idly in the absence of treatment, and death is the 
rule in a few months [ 17 ,  18 ]. Simple resection 
of the tumour rapidly leads to local relapse, and 
even after amputation 85 % of dogs die within 
7 months of diagnosis [ 15 ,  19 ,  20 ]. The loss 
of substance resulting from the exeresis of the 
tumour was compensated using freshly prepared 
methotrexate-loaded cement. The dose of meth-
otrexate received ranged from 1.6 to 16 mg/kg. 
Two hours after being implanted, plasma levels 
of methotrexate ranged from 0.08 to 0.02 μmol/l 
(1 μmol of methotrexate = 0.455 mg). After 
24 h, the plasma levels were between 0.1 and 
0.02 μmol/l and by the third day were no longer 
detectable. Toxic effects were observed on day 
4 in the 3 animals which had received a dose of 
more than 200 mg of methotrexate. The other 
animals, which had received a dose of between 
100 and 150 mg, did not display any signs of 
toxicity. The survival curve of the animals in this 
group seemed to be better than that of the ani-
mals which underwent surgery without adjuvant 
treatment, where 85 % of the animals had died 
within 7 months. 

    The Effi cacy of Methotrexate-Loaded 
Implants 

 This was investigated using the experimental model 
of osteosarcoma in the rat [ 21 ,  22 ]. Using implants 
equivalent to 1.5 mg of active constituent, tumour 
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growth was temporarily slowed and the survival 
time of the animals signifi cantly prolonged. 

 These experiments have shown that the rise in 
temperature which accompanies the polymerisa-
tion of the cement does not destroy MTX and, 
like antibiotics, MTX can be released from the 
cement. Migration probably occurs as a result 
of diffusion; the cement constitutes a network of 
pores and micro-fi ssures which makes it accessi-
ble to the liquid medium in which it is immersed. 
This liquid penetrates into the system and dis-
solves the crystals of MTX which then diffuse 
into the surrounding medium. This mechanism 
is certainly the dominant one at work during the 
early stages of MTX release. It probably accounts 
for the initial peak which characterises the kinet-
ics of MTX release. It is logical to suppose that 
the outer layers of the cement are more accessible 
to the liquid medium than the inner layers.   

    Study of the Release of Cisplatin 

 Cisplatin is one of the antimitotics which would 
be suitable for mixing with cement and it has the 
following characteristics : it is often used to treat 
primary bone tumours; in the context of bone 
metastases from visceral tumours, it is generally 
used in multiple-drug therapy of tumours which 
are characterised particularly by being radio- 
resistant and resistant to other antimitotics [ 23 –
 27 ]: hence the appeal of a local cisplatin-based 
therapy, which has the advantage of being radio- 
sensitising [ 28 ]. 

 Cisplatin takes the form of a whitish-yellow 
crystalline powder. It has no melting point as it 
decomposes without melting at 270 °C. Cisplatin 
has a solubility in water at room temperature of 
1 mg/ml. 

 In the solid state, cisplatin is relatively stable. 
In contrast, in solution it forms  mono-aquo  and 
 di-aquo  derivatives by the successive shedding 
of chloride ions. Cisplatin is most stable in solu-
tion at an acid pH and in the presence of chloride 
ions, which prevent a shift in the reaction equi-
librium towards the formation of degradation 
products. It should also be noted that cisplatin 
has a chemically inert structure with few reac-
tive groups. Differential thermal analysis did 

not provide further information in this regard, as 
cisplatin decomposes without melting at around 
270 °C and parasite peaks from PMMA superim-
pose on the cisplatin peak at these temperatures. 
X-ray diffraction did however allow us to dem-
onstrate that there is no difference between the 
spectrum of the physical mixture and that of the 
cisplatin implants. Moreover, this hypothesis was 
supported by a very simple experiment in which 
an accurately weighed 5 % cisplatin implant was 
dissolved in methylene chloride, a solvent for the 
polymer but not the cisplatin. The cisplatin crys-
tals were sedimented and extracted by a 9 p. 1000 
solution of sodium chloride in a separating fun-
nel. Assay of this solution revealed that it con-
tained all of the active ingredient present in the 
implant. The very slow release of cisplatin does 
not therefore appear to be due to a chemical bond 
with the polymer, but rather to the fact that a large 
proportion of cisplatin is trapped in the matrix. 

 The mixture was prepared as follows: during 
the fi rst step, the active constituent, cisplatin, was 
mixed with the polymer. A predetermined weight 
of polymer was placed in a porcelain mortar. A 
known quantity of cisplatin was then added in 
small fractions. In the second step, the monomer 
was added, depending on the quantity of polymer 
taken, the volume of polymer being that recom-
mended by the manufacturer. The constituents 
were then thoroughly mixed for 4 min to form a 
homogeneous paste. 

 This paste was then poured into the barrel of a 
stoppered syringe. The mixture was then expelled 
by the pressure of the piston into polyethylene 
moulds measuring 6.7 mm (inside diameter) by 
10.3 mm in height (cylindrical mould, Prolabo, 
Paris [France]). The implants were left in the 
moulds for 24 h, to allow complete polymerisa-
tion to take place, and then tipped out and kept in 
darkness and at room temperature. The  in-vitro  
release of cisplatin was investigated by placing 
the implants in a release medium with the follow-
ing composition : sodium chloride: 9 g. distilled 
water, q.s.p.: 1000 ml; 1 N hydrochloric acid, 
q.s.p. pH = 4. After weighing, the implants were 
placed in the release medium at 37 °C and stirred 
in darkness. Samples were taken at regular inter-
vals and an equal volume of fresh medium added 
to replace the reaction mixture removed. “Sink” 
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conditions were maintained, i.e. the concentra-
tion of cisplatin in the release medium was never 
more than one-tenth of the saturation concentra-
tion (i.e. 100 mg of cisplatin per litre). 

 The  in-vitro  release data obtained from 
implants containing various loads of cisplatin 
(from 1 to 20 % w/w) are shown as a function of 
time : the quantities released were related to the 
initial concentration of cisplatin in the implants. 
For instance, after 90 days, the implants with the 
highest load had released about 12 % of cisplatin, 
whereas implants containing 1 % had released 
only 3 % under these experimental conditions. It 
should also be noted that the release was incom-
plete from all the implants and never reached 
100 % of the initial load. 

 In the case of pure PMMA fi lms, diffusion 
experiments have shown that cisplatin in solution 
had great diffi culty in crossing even a thin mem-
brane. Cisplatin therefore appears to be unable to 
cross pure PMMA. In the case of PMMA/MMA 
fi lms, we found that up to a certain thickness, cis-
platin was readily able to diffuse across the mem-
brane. This diffusion can be accounted for by the 
structure of the polymer, which is not a uniform 
matrix, but a layer of spheres of PMMA which are 
linked to one another by the polymerised mono-
mer. In solution, cisplatin must be able to diffuse 
into the relatively less compact zone between the 
spheres, which may have defects of structure and 
cohesion. However at thicknesses from 133 μm, 
diffusion is slower, as if a thicker layer of spheres 
impedes the diffusion of the active constituent. 
These fi ndings should be interpreted in the light 
of the structure of the cement viewed under elec-
tron microscopy, which reveals areas of regular 
polymer and defects, fi ssures which doubtless 
permit the diffusion cisplatin.  

    Clinical Experience 

 The clinical research was done at the Henri 
Mondor hospital and has confi rmed the experi-
mental data obtained in animal studies. It pro-
vided the basis of the protocol for clinical use. 
During surgery, a dose of 100 mg of MTX mixed 
with a complete dose of cement (46 g of  polymer 

and 20 ml of monomer) was administered, fol-
lowed by an intramuscular administration of 
folinic acid between 72 and 86 h later. This was 
well tolerated by the patient. The local concentra-
tion of MTX found in the drains within the fi rst 
few hours may reach levels 10,000 times greater 
than the plasma concentration and remained 100 
times greater than the plasma concentration for 
the next 3 days if the drain was kept in place. 
Systemic distribution of this local chemotherapy 
was observed, as can be seen from the blood lev-
els of MTX. The release and diffusion of MTX 
from the cement was continued well beyond 10 
days (when MTX could still be assayed in one 
patient), since urinary excretion continued for at 
least 3 weeks. 

 In the time of cisplatin, which has a lower rate 
of diffusion from the cement than methotrexate, 
a dose of 200 mg of cisplatin mixed with one 
packet of cement was used without any post- 
operative adverse haematological or renal effects 
being observed. 

 If further developments in the investigations 
we have initiated [ 7 – 9 ] confi rm these early fi nd-
ings, this method of local neoplastic chemo-
therapy could offer an adjuvant therapy which is 
likely to be easier to handle. There is of course no 
question that this therapy could offer a substitute 
for systemic chemotherapy or radiotherapy when 
these therapies are indicated. Several other stud-
ies [ 29 – 32 ] have confi rmed the experimental data 
of the diffusion of antimitotics from cement.     
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      Striated Muscles, 
an Underestimated Natural 
Biomaterial: Their Essential 
Contribution to Healing 
and Reconstruction of Bone 
Defects                     

     Haim     Stein      and     Moshe     Solomonow     

          Mechanical and Biological Factors 

 Surgery of the Musculoskeletal System is the 
most vibrant, quickly developing and enlarging 
reconstructive surgical specialty of this Century. 
The current 10 years are dedicated to this subject, 
and entitled “The bone and joint decade” which 
is a tribute to this subject’s signifi cance. 

 The past 35 years have been the stage for more 
signifi cant developments and advances in recon-
structive surgery of the Musculoskeletal System 
then all the previous decades from the time the 
name of “Ortho-Paeis” was cornered during the 
Industrial Revolution. 

 Studies into the mechanical properties of the 
thin wire hybrid three plane, circular external fi x-
ator, have opened and enlarged the understanding 
of biological processes stimulated and supported 
by the above mentioned mechanical environ-
ment. Thus, with time, the crucial role played by 

striated muscles in the physiology of bone growth 
and repair is attaining broader recognition and 
understanding. 

    Mechanical Properties 

 Orthopaedic surgeons need to be updated on 
mechanical terminology.

    1.    Compliance is the inverse of stiffness.   
   2.    Higher compliance allows higher 

deformation   
   3.    Stiffness is the ratio between load and defor-

mation. If measured in bending, it is expressed 
as the ration between the bending moment and 
the angular displacement is has caused. It is 
expressed in Newtonmeters by degree (Nm/
degree). This modality is well accepted and 
used by engineers but less so by medical grad-
uates. The latter, prefer the use of 
compliance.   

   4.    Stiffness relates inversely to the angle of 
deformation. In-vivo, bones are surrounded 
by soft tissues. The latter create  ligamento-
taxis , which opposes bone displacement,  pro-
vided bone integrity  is preserved.   

   5.    The ring fi xation frame, introduced by Ilizarov 
into clinical practice, is minimally invasive. It 
is connected to bone by thin K-wires which 
create minimal damage to both muscle and 
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bone. These wires, are the only means of osse-
ous fi xation for the frame and the varying 
degrees of tension applied to them, determine 
their frame’s stiffness.   

   6.    The ring confi guration of the frame, resists 
torsion, shear and bending.   

   7.    The factors which determine a ring fi xators 
stiffness are:
    (a)    the K-wire tension   
   (b)    the ring diameter   
   (c)    the centric or eccentric location of the 

bone within the ring.       
   8.    In clinical practice, the ring diameter is often 

dependent on the circumference of the soft tis-
sues present at the site. The larger the ring 
diameter, the lower the stiffness. The anatomi-
cal tissue topography, further dictates the 
location of the bone proper in the ring. The 
more eccentric the bone, the higher the stiff-
ness. Hence, the only control over frame stiff-
ness left to the surgeon, is the control of the 
tension applied to the transfi xing K-wires.      

    The Biological Result 

 The mechanical properties of external fi xation 
frames, have a direct infl uence on the rate of frac-
ture healing [ 2 – 27 ]. In other words, the mechani-
cal properties of external fi xation frames have an 
unequivocal and direct infl uence on the biologi-
cal conditions needed for successful (bone gap) 
fracture healing. This issue has been discussed 
also by Chao in his presentation to SICOT in 
Amsterdam [ 28 ]. Ring fi xation frames harbour a 
“trampoline” effect which allows both axial com-
pression and distraction during gait. 

 Intermittent distraction appears to be of cru-
cial importance for physiological bone growth. 
The proof of this statement are tubercles, tuber-
osities and bone outgrowths wherever muscles 
are inserted into bone in the skeleton. Muscle 
tonus consists of intermittent contractions of 
muscle fi bers. At the site of muscle tendon inser-
tion, these physiological muscle contractions cre-
ate intermittent distraction. The latter induce 
local bone growth the end result being a tubercle 
, a tuberosity or an outgrowth. 

 Frame stiffness of any ring fi xation frame, is 
one of its more important mechanical properties. 
This stiffness depends upon the frame’s K-wire 
tension. For how long does this tension persist 
 in-vivo ? Under continuous axial loading, it has 
been shown that the loading causes a decline in 
the tension of transverse positioned K-wires [ 29 ]. 
 Continuous  –  in vivo  – measurements of the 
residual tension present in such K-wires in exper-
imental animals, has shown a rapid decline within 
2 weeks of mounting the frame, the measured 
tension values disappearing altogether within 5 
weeks of tensioning them in the rings. 

 Nevertheless, the fi rst signs of intramembra-
nous ossifi cation in the fracture gap, were radio-
graphically detectable 14 days after fracture 
stabilization by the ring frame, and the whole 
fracture gap, were radiographically detectable 14 
days after fracture stabilization by the ring frame, 
and the whole fracture gap was fi lled by woven 
bone on day 35. 

 The bridging callus starts, and proliferates 
from the muscle bed of the fracture. In the tibia, 
where the signifi cant muscle bed is always pos-
tero-medial, this is easy to observe and follow. In 
both clinical cases and in experimental fractures 
in the laboratory, the callus has been shown to 
start always in the posterior plane, next to the 
muscle bed, and progress from there anteriorly 
[ 30 – 32 ]. In these publications, the intimate rela-
tionship between the developing callus and the 
muscle bed, has been described. 

 Most of the load on weight bearing, is trans-
mitted through the fi xator [ 33 ]. In clinical prac-
tice, the choice of the fi xator frame means 
choosing the mechanical confi guration which 
will induce the optimal enhancement in callus 
formation and fracture healing [ 33 ]. 

 A decline in frame stiffness, as initiated by a 
spontaneous decline in K-wire tension, appears 
to be an important stimulus for bone formation 
and healing [ 7 ]. Thus, it is very likely that bone 
mass is regulated by mechanical strain [ 5 ]. 

 In fractures, or in the presence of bone gaps, 
 this mechanical strain needs to be induced and 
maintained in the muscle tissue  present in the 
fracture bed. Micromovements in the axial plane 
of the fracture stabilized by a ring fi xator, induce 
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effi cient medullary and periosted callus forma-
tion. This callus, undergoes early metaplasia into 
membranous bone, and thus stabilizes the frac-
ture gap [ 34 ]. Similar observations have been 
reported by Wu [ 27 ] and by Younger [ 35 ]. 

 The mechanical effi ciency of the stabilizing 
fi xation frame, can be evaluated by the amount of 
fracture callus formation, the stiffness of the lat-
ter being capable of early replacing the spontane-
ously declining stiffness of the ring fi xation 
frame. 

 In conclusion, therefore, the preservation of 
the physiological function of striated muscles in 
the fracture bed appears to be the key biological 
factor for the effi cient repair of a fracture with or 
without bone loss.  

    Muscle Assessments 

 The tools to assess the physiological function of 
striated muscles are either muscle charting or 
EMG.  Muscle charting  is a time honored manual 
semi-quantitative measurement, practiced by 
physiotherapists. This is a time consuming, not 
strictly s scientifi c method, the human factor 
being responsible for all variations in it. During 
the poliomyelitis epidemics, there was a whole 
generation of highly experienced physical thera-
pists. Who by repeated muscle charting of the 
same patient, could provide reliable proof to the 
progress of the disease, or improvement of the 
patients due to active aggressive physiotherapy. 

 At the present, reliable, quantitative comput-
erized muscle charting has become available with 
the aid of ARCON (  http://www.arcon-rehab.
com/dynamic.asp    ). This computerized assess-
ment is particularly reliable in measuring the 
motor power of various muscle groups.   

    Electrophysiology and 
Biomechanics 

 The EMG is an important tool in the assessment 
of muscle activities in various occupational tasks, 
only if used properly. The recordings, processing 
and interpretation of the EMG should be done 

while considering the proper electrodes size, 
interelectrodes distance, muscle architecture, 
contraction rate, motor units recruitment pattern, 
muscle length, cross-talk from nearby muscles, 
sampling rate, fi lter bandwidths, and smoothing 
time constants. Each of the above factors, if not 
considered, can introduce substantial error and 
result in false or misleading interpretation. 

 The EMG is a by-product of muscle activity 
and therefore a dependent signal, infl uenced by 
various physiological and anatomical factors as 
well as the technical aspects of the recording/pro-
cessing protocol. 

 The anatomical factors that have profound 
impact on the EMG are muscle fi ber penation, 
and predominant fi ber composition (fast or slow 
twitch types). Physiological factors that strongly 
impact the EMG are motor units fi ring rate and 
recruitment pattern, force generation rate (iso-
metric), and muscle length changes (shortening 
or lengthening). Secondary anatomical/physio-
logical issues are the size of the muscle, its depth 
(below the skin and other muscles), the presence 
of adipose tissue, nearby muscles and proximity 
to large blood vessels and bones. 

 The recording/processing hardware and soft-
ware that infl uence the surface EMG are elec-
trode size, material, interelectrode distance, 
electrode/skin interface, electrodes location rela-
tive to muscle shape and axis, differential record-
ings, recording frequency bandwidth, sampling 
rates, and smoothing time constant as the most 
important. 

 It becomes clear that the EMG is a complex 
dependent signal, and its recording and interpre-
tation should not be taken lightly. In this paper, 
several of the most important factors affecting the 
EMG will be reviewed in the context of the EMG 
vs force relationship and fi nally, insights into the 
controversial issue of EMG cross-talk will be 
highlighted. 

    EMG vs Force Relations and 
Pre- dominant Fiber Type 

 Different muscles are composed of different 
proportions of fast and slow twitch fi bers. The 
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soleus, for example is composed of 80 % slow 
twitch, fatigue resistant fi bers of oxidative 
metabolism whereas its companion gastrocne-
mius muscle is composed of nearly 80 % fast 
twitch, fast to fatigue fi bers activated by limited 
stored energy. In highly controlled studies in 
which both soleus and gastrocnemius were acti-
vated with the same contraction control, the 
EMG vs force relations of the two muscles were 
signifi cantly different. The relations were linear 
for gastrocnemius but distinctly non-linear for 
the soleus [ 36 ]. 

 While such fi ndings explain, in part, the 
controversy of the linearity (or non-linearity) 
of the EMG-force relations, it issues a warning 
against the use of the relations without consid-
ering the predominant fi ber composition of the 
tested muscle. Such data is available in the lit-
erature [ 37 ]. 

 Investigators should, however, also consider 
that predominant fi ber type of a muscle can 
change in individuals who acquired skill in a cer-
tain task.  

    EMG vs Force and Contraction Rate 

 It is known that the rate at which the muscle con-
tracts and generates force may signifi cantly infl u-
ence the maximal force obtainable. How would 
such phenomena infl uence the EMG vs Force 
relations? 

 In highly controlled studies Solomonow et al, 
[ 38 ], recorded the EMG for a muscle increasing 
its force from 0 to 100 % (maximal force) at rates 
which varied from 36 to 360 % maximal force/
sec. Calculations of the normalized EMG vs 
force curves did not yield any statistical differ-
ence. The maximal force obtained in the fast con-
traction, however, was 25 % larger than that of 
the slowest contraction. 

 Investigators are cautioned to compensate for 
the contraction rate when EMG is recorded as a 
measure of force, or risk up to 25 % error that can 
be associated with highly misleading conclu-
sions. A proper approach is to defi ne the EMG vs 
force curves at the contraction rate that is to be 
tested in the fi eld.  

    EMG vs Force and Motor Units 
Recruitment 

 It is known that skeletal muscles utilize the size 
principle when recruiting motor units in order to 
increase the force. Small motor units are recruited 
initially, with gradually larger motor units as 
more force is required [ 39 ]. It is also known that 
motor units recruitment is completed by the time 
the initial 50–80 % MVC is generated. The 
remaining force segment up to 100 % MVC is 
accomplished by increasing the fi ring rate of the 
motor units. It is also known that a given muscle 
recruits all its motor unit pool in the initial 50 % 
MVC during fast contractions, and in the initial 
80 % MVC in a slower, more accurate 
contraction. 

 Solomonow et al. [ 36 ], demonstrated that 
changing motor unit recruitment strategy has 
pronounced effect on the EMG vs Force rela-
tions. When all the motor units of gastrocnemius 
muscle were recruited in the initial 50 % maxi-
mal force segment, the EMG vs force was linear, 
however, when all the motor units were recruited 
over the initial 60 %, 70 % and 80 % of the maxi-
mal force, the relations were non-linear. 
Furthermore, the non-linearity was different at 
each of the three contractions, with the full 
recruitment completed at 80 % maximal force 
being the most non-linear. 

 The advise for proper use of the EMG vs force 
relations in ergonomics research, is to assess the 
recruitment pattern of the muscle in question 
[ 38 – 40 ] before attempting to relate EMG record-
ing to force.  

    EMG Cross-Talk and Adipose Tissue 

 Many studies of static and dynamic movements 
of the extremities and spine demonstrate that co-
activation of agonist and antagonist muscles 
takes place. However, the co-activation principle 
became controversial, as the low level EMG 
recorded from the antagonist muscles was con-
sidered by many to be cross-talk from the agonist 
muscles transmitted by volume conduction in 
the tissues. The sources of cross- talk could be 
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 numerous, including; electrodes too large for the 
muscle under investigation, interelectrodes dis-
tance larger than necessary for the given muscles, 
proximity to large blood vessels, proximity to 
major bones, etc. 

 If one utilizes the correct electrodes size, 
interelectrodes distance and placement as delin-
eated by Fugelvand et al, [ 41 ], such cross- talk 
can be fully eliminated. 

 Cross-talk EMG was reported despite proper 
utilization of electrodes, re-initiating the contro-
versy. A more detailed study by Solomonow 
et al, [ 42 ], in a highly controlled experimental 
animals using surface and intramuscular wire 
electrodes gave a clear insight to the problem. 
Surface EMG recorded from muscles covered by 
adipose tissue gave as much as 36 % (of 100 % 
EMG from nearby muscles) cross-talk whereas 
wire electrodes from the same muscle yielded 
only 1–2 % cross-talk. Cutting the motor nerve of 
all the muscles in the leg, confi rmed that the adi-
pose tissue was indeed the source/cause of the 
cross-talk. 

 A warning is issued against the recording of 
surface EMG from muscles covered by adipose 
tissues, such as abdominal and buttocks muscles. 
Wire recordings should be employed in such 
cases. Otherwise, with the absence of adipose tis-
sue, the cross-talk is at the noise level and should 
be of no concern for the investigator.  

    EMG Processing Issues 

 Several factors associated with the recording and 
processing of the EMG have pronounced impact 
on the validity of the data and its interpretation. 

 The raw EMG signal is commonly sampled 
into personal computers for later processing. One 
of the important aspects of such a procedure is 
the sampling rates used. The power spectrum of 
the surface EMG contains frequencies in the 
range of 0–350 Hz. Less than 5 % of the power is 
in frequencies above 350 Hz. Furthermore, move-
ment artifacts associated with isometric or most 
free movements are associated with frequencies 
below 10 Hz. Therefore, in order to eliminate 
movement artifacts, a high pass fi lter with a 

 frequency cut-off of 10 Hz is necessary. Also, in 
order to prevent any high frequencies (above 
350 Hz) from contaminating the signal and to 
avoid aliasing, a low pass fi lter with a cut- off fre-
quency of 350 Hz is required. Overall, a band-
pass fi lter of 10–350 Hz will preserve all the 
important features of the surface EMG. 

 Sampling into the computer requires a rate of 
at least twice the highest frequency in the signal. 
In this case 350 Hz × 2 = 700 Hz. For better accu-
racy, sampling rates higher than 700 Hz should 
be used. 

 Sampling rates lower than 700 Hz will deform 
the EMG, cause loss of important features and 
will lead to wrong or misleading conclusions. 
Furthermore, utilization of a bandpass fi lter with 
a frequency cut-off above 350 Hz has very mar-
ginal improvement in signal content, but also 
requires higher sampling rates which in turn limit 
the number of channels that could be used, limit 
A/D capabilities and heavily tax storage space on 
a PC and time required to process the data. 

 Another important issue is the processing of 
the EMG into a smoothed curve that represent 
the changes in the level of activity of the mus-
cle. Commonly, a low pass fi lter of a time con-
stant ranging between 50 and 300 ms is used. If 
such a fi lter is constructed from hardware, one 
should assess the time delay imposed by the fi l-
ter and compensate for such a delay when com-
paring EMG and force on the same time axis. 
Without applying the time compensation, and 
especially for fast movements, a discrepancy 
between force and EMG may lead to false 
conclusions.  

    EMG and Muscle Fatigue 

 When muscle fatigue is being studied via its 
EMG, the power spectra frequencies are com-
monly used. The Median Frequency (MF) of the 
power spectra represents the average conduction 
velocity of action potentials in the muscle. It is 
well known that the average conduction velocity 
decreases with muscle fatigue, giving rise to 
decrease in the MF. The assessment of muscle 
fatigue could be useful in ergonomics,  especially 
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in optimizing task durations, work-rest time 
ratios, etc. Common pitfalls in using the MF of 
the surface EMG to study fatigue are especially 
in low level prolonged contractions in the pres-
ence of noise. Inherently, contractions produc-
ing low levels of force are producing low 
amplitude EMG. The assessment of fatigue, 
under such circumstances can become a grossly 
misleading procedure if the noise is not 
eliminated. 

 A method to eliminate such a problem was 
developed by Baratta et al. [ 43 ]. It consists of a 
noise subtraction step before the power spectra 
estimate is calculated. The results are much 
improved accuracy in the MF calculations and its 
proper and reliable interpretation.  

    MVC Determination 

 Determination of the Maximal Voluntary 
Contraction can introduce errors in the interpre-
tation of EMG studies if not obtained correctly. 
In general, if an individual is asked to provide a 
maximal elbow fl exion, for example, he will pro-
vide a strong contraction which is perceived by 
him as maximal. If the force output is displayed 
on a screen as a moving line, and the individual is 
asked to exceed the line location obtained from 
his perceived maximal contraction by 10 %, it is 
easily obtainable. Such feedback attempted nor-
mally result in fi nal maximal force which is 
25–35 % higher than the maximal force obtained 
in the fi rst trial. 

 Such errors may have an impact on the inter-
pretation of the EMG, and EMG vs force rela-
tions as well as MF calculations across the full 
force range. The error, however, is signifi cantly 
amplifi ed in the low force ranges, and especially 
in low level static contractions where the casually 
obtained MVC and the true MVC obtained by 
training could be miscalculated by 300 % at a 
10 % MVC level. 

 It is diffi cult to give any advice to avoid or 
compensate this type of error. The true (e.g., 
trained) MVC is the most reliable baseline for all 
types of EMG work where relationships to force 
is made.      
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      Clinical Application of Glass 
Ceramics                     

     Takao     Yamamuro     

       It is now widely known that bioactive ceram-
ics such as Bioglass®, Ceravital®, synthetic 
hydroxyapatite (HA), apatite- and wollastonite- 
containing glass-ceramic (AW-GC) and ß-tri-
calcium phosphate (ß-TCP) have a character 
of osteoconduction and a capability of forming 
a direct bond to the living bone tissue [ 1 ,  2 ]. In 
other words, they are incorporated into the liv-
ing bone tissue in accordance with the pattern 
of bonding osteogenesis. In their clinical use, 
however, the mechanical property and the grade 
of bioactivity required to each material differ 
depending on the case, i.e., size, shape and loca-
tion of the bone defect, and the purpose of appli-
cation. For example, when they are to be used 
for replacing a vertebral body, a high mechanical 
strength rather than a high bioactivity is required, 
if both are not available at the same time. On the 
contrary, when they are to be used as a coating 
material over the surface of joint prosthesis, a 
high bioactivity rather than a high mechanical 
strength is required. Generally in orthopaedic 
application of bioactive ceramics to substitute for 
a large bone defect, a high mechanical strength is 
always required. For this reason, Bioglass® and 

Ceravital® which have much lower mechanical 
strength than that of the human cortical bone 
have not been used in the fi eld of orthopaedic 
surgery, although their bioactivity is higher than 
others. As ß-TCP is a biodegradable ceramic, its 
mechanical property after implantation can not 
be compared with those of others. The author’s 
personal experience of their clinical use is, there-
fore, mostly limited to HA and AW-GC that were 
used in forms of either granular, porous or dense 
bone substitute in combination with autogenous 
bone, and also in forms of coating material for 
joint prosthesis or bioactive cement. 

    Why Glass Ceramic 

 At Kyoto University Hospital, in 1981, probably 
for the fi rst time in the world as far as known 
from literatures and meetings, a large amount of 
synthetic HA granules was implanted into the 
human bone for a purpose to replace a large giant 
cell tumor which developed in the right ilium of 
a 27 year old female. At operation, the tumor was 
resected through a window made in the lateral 
wall of the ilium. The bone defect remained in 
the pelvic bone after the resection was too large 
to be completely fi lled in with autogenous bone 
chips, but bone allograft was not yet available 
in 1981. Then, a large amount of granular and 
porous HA was prepared mixed with fi brin glue 
and autogenous bone chips, and the mixture was 
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compactly fi lled into the bone defect. The clear 
line, which was demonstrated on the postopera-
tive radiograph between the implanted mass and 
the pelvic bone, persisted for about 8 months 
after surgery suggesting that the implant had not 
yet united with the pelvic bone. At 10 months 
after surgery, a biopsy of the implanted mass was 
performed and it was confi rmed histologically 
that the implanted HA granules have directly 
united with the newly formed bone in places. The 
radiograph taken 1 year postoperatively showed 
no clear line between the implanted mass and 
the pelvic bone. Then, the patient was allowed 
to bear the full body weight on the affected side. 
Thus, in this case, it took nearly 1 year after 
implantation to obtain complete gap fi lling and 
bone bonding with HA granule. The patient has 
been doing well up to now for 25 years after sur-
gery with neither recurrence of the tumor nor 
limitation of movements of the hip joint of the 
affected side. 

 What we learned from this case a quarter of 
century ago were; fi rstly, that synthetic HA really 
bonded to the living bone tissue, but it took nearly 
1 year after implantation for gap fi lling and bone 
bonding, indicating that HA has a relatively low 
osteoconductivity; and secondly, HA granule 
is mechanically too weak to be used under the 
situation where body weight should be loaded. 
Nevertheless, synthetic HA has widely been used 
thereafter in cases of bone tumors and hip revi-
sions. In our surgical practice, however, often 
there is a need for a more bioactive and mechani-
cally stronger bone substitute than synthetic HA, 
so that patients will be able to start the weight 
bearing much earlier after surgery. 

 At Kyoto University, the research group led by 
Yamamuro and Kokubo had attempted to synthe-
size such a biomaterial as that which has a stron-
ger bioactivity and a higher mechanical strength 
than synthetic HA, and fi nally reached the syn-
thesis of a new glass-ceramic in 1982 which 
was named apatite- and wollastonite- containing 
glass-ceramic (AW-GC) [ 3 ]. It was found that 
dense AW-GC has a bending strength and com-
pressive strength both signifi cantly higher than 
those of the human cortical bone, while the bend-
ing strength of dense HA is considerably lower 

than that of the human cortical bone. As for their 
bioactivity, when they were soaked in the simu-
lated body fl uid at body temperature, apatite for-
mation was usually observed within 7 days over 
AW-GC, while it took 28 days for HA.  

    Application of AW-GC to the Spine 

    Vertebral Body Prosthesis 

 In February 1982, a vertebral body prosthesis 
made of AW-GC was fi rst prepared for the pur-
pose to replace the lumbar vertebra of a sheep 
[ 4 ,  5 ]. The prosthesis was implanted into the spi-
nal column of a sheep to replace the 3rd and 4th 
vertebral bodies. A contact microradiograph of 
the specimen harvested 6 months after implanta-
tion demonstrated that the prosthesis had already 
bonded to the bone trabeculae all the way around. 
Thus, animal experiments performed on a number 
of sheep suggested that the vertebral body pros-
thesis made of AW-GC would be clinically better 
applicable, due to its stronger osteoconductivity 
as well as higher mechanical strength, than those 
made of HA . For these reasons, vertebral body 
prostheses made of AW-GC with different sizes 
were prepared for clinical application. 

 A 50 year old female who developed a breast 
cancer metastasis in the 10th thoracic vertebra 
with early sign of paraplegia. As the patient had 
multiple metastases in the bilateral ilia, it was 
diffi cult to harvest the autogenous bone graft. 
Therefore, in December 1982, the tumor in the 
spine was simply replaced with a vertebral body 
prosthesis made of AW-GC, and the body weight 
bearing was started 1 month after surgery. In spite 
of multiple metastases developed 5 years later in 
other organs, the patient survived 14 years after 
the fi rst operation without paraplegia by the sup-
port of chemotherapy. 

 A 55 year old male developed a renal cancer 
metastasis in the 4th lumbar vertebra. The tumor 
was replaced with a vertebral body prosthesis 
made of AW-GC, and the patient had had no neu-
rological problems until he died of lung metas-
tasis 3 years after surgery. The radiograph of the 
operated spinal segment which was harvested 
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by autopsy demonstrated that the 8 cm long 
prosthesis had fi rmly bonded to bone and there 
observed no local recurrence of the tumor. Spinal 
instruments can be used to fi x the vertebral body 
prosthesis to the adjacent vertebrae. This surgical 
technique by the use of a Kaneda device [ 6 ] is 
now completely established and applied to treat 
also burst fracture of vertebral bodies which is 
often associated with cauda equina lesion. 

 During the period from 1983 to 1994, when 
the author retired from Kyoto University, the 
vertebral body prosthesis made of AW-GC had 
been used in 1070 cases in Japan to treat bone 
tumors, burst fractures, and fracture dislocations 
of the spine, and now it reached about 3000 cases 
according to the manufacturer’s survey. As far as 
the author has been informed either personally 
or by publications, there have been no serious 
complications such as infection, loosening, col-
lapse, and breakage of prosthesis. The retarded 
bone bonding of the prosthesis in a few cases was 
virtually an only complication.  

    Intervertebral Spacer 
for the Lumbar Spine  

 Intervertebral spacers were also made of AW-GC 
to be used for lumbar interbody fusion. Usually, 
two spacers are implanted into one intervertebral 
space, and they are securely fi xed to the adjacent 
vertebrae with Steffee’s instruments [ 7 ,  8 ]. 

 A case of isthmic spondylolisthesis developed 
between the 3rd and 4th lumbar vertebra in a 
40 year old male, who complained of severe low 
back pain and neuralgia in both legs. At opera-
tion, reduction of the slipping was attempted after 
a wide laminectomy of the affected vertebrae, 
and two AW-GC spacers were implanted together 
with some autogenous bone chips into the inter-
vertebral space. The spacers were securely fi xed 
to the adjacent vertebral bodies above and below 
by the use of the spinal instruments. 

 Radiological follow-up studies of the patients, 
who underwent implantation of the intervertebral 
spacers, revealed that the spacer has an osteocon-
ductive effect. No case showed late narrowing 
of the intervertebral space that is often observed 

when bone autograft or allograft is used for the 
interbody fusion. 

 During the period from 1989 to 1994, the 
intervertebral spacer made of AW-GC was used 
in 1005 cases in Japan, and, now it reached about 
5000 cases. It is considered that the spacer is 
favorably indicated for lumbar interbody fusion 
in such conditions as lumbar spinal canal steno-
sis, degenerative spondylosis, degenerative spon-
dylolisthesis, and postdiscotomy syndrome.  

    Laminoplasty Spacer 
for the Cervical Spine  

 In 1987, laminoplasty spacers were manufac-
tured of AW-GC to be used for the purpose of 
laminoplastic enlargement in cases of multiple 
spinal canal stenosis of the cervical spine [ 9 ]. 
At operation, multi-level laminae of the cervical 
spine are fi rst exposed, then spinous processes 
are split vertically, and the both split surfaces 
are opened with a spreader to enlarge the spinal 
canal. Usually, four to fi ve laminae are enlarged, 
and bone defects remaining in each lamina are 
fi lled with the spacer, that is fi xed to each spinous 
process with threads . 

 A 75 year old male suffered from tetraplegia 
due to ossifi cation of the posterior longitudinal 
ligament from the 4th to the 7th cervical spine 
as demonstrated by the preoperative CT scan-
ning images. In the postoperative CT images, 
signifi cant enlargement of the spinal canal is 
observed, and all spacers seem to have united 
to the adjacent laminae 14 months postopera-
tively. In most cases, bone bonding of the spacer 
was observed on CT images within 6 months 
after surgery resulting in excellent stability of 
the spacer. Advantages of using the AW-GC 
spacer in laminoplastic enlargement are, fi rstly, 
no surgical intervention for harvesting bone 
graft is required, and secondly, late collapse of 
the implant never occurs because of its high 
mechanical strength. 

 During the period from 1988 to 1994, the 
laminoplasty spacer of AW-GC was used in 778 
clinical cases in Japan, and now it reached about 
12,000 cases. This operation is considered to be 
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best indicated for myelopathy caused by multi- 
level spinal canal stenosis of the cervical spine.  

    The Iliac Crest Prosthesis Made 
of AW-GC 

 A large bone defect remaining in the iliac crest 
after harvesting bone graft creates various cos-
metic and neurological problems [ 10 ]. They must 
be prevented, if possible. For this purpose, the 
iliac crest prosthesis made of AW-GC was manu-
factured in different sizes. During the period from 
1987 to 1994, the iliac crest prosthesis made of 
AW-GC was used in 4113 cases in Japan, and 
now it reached about 20,000 cases. It is reported 
that 97 % of the patients are satisfi ed with the 
iliac crest prosthesis made of AW-GC [ 11 ], while 
the similar prosthesis made of HA often breaks  in 
situ  after surgery by the accidental direct blow to 
the iliac crest. This is simply because the mechan-
ical strength of HA is lower than that of AW-GC.  

    AW-GC to Replace Large Bone Tumors 

 The AW-GC made spacers have been used to 
replace large bone tumors that developed in the 
weight bearing location of long bones [ 12 ]. A 
giant cell tumor developed in the proximal epi- 
metaphysis of the tibia of a 22 year old male. The 
tumor was removed by the use of a high speed 
burr and Argon beam coagulator, and the spacer 
was implanted together with some autogenous 
bone into the remaining bone defect. 

 In another case, a giant cell tumor developed 
in the proximal tibia of a 15 year old female. 
The same surgical procedure as above was per-
formed. As some examples are demonstrated 
here, in many similar cases of large benign bone 
tumors developed in long bones, postoperative 
clinical and radiological results are quite satis-
factory by using the AW-GC spacer. Thus, it was 
shown clinically that AW-GC can be used as a 
bone substitute even in locations where HA can 
not adequately be used.  

    AW-GC Coating on Hip Prosthesis 

 It is now widely believed that HA-coated hip 
prosthesis develops a stable fi xation with the 
surrounding bone tissue due to osteoconduc-
tive property of the HA-coated layer. However, 
in foci of bone remodeling around the implant, 
osteoclast-mediated absorption of the HA-coated 
layer takes place constantly, as suggested by 
Bauer et al. in 1991 [ 13 ].  In vivo , the osteoclastic 
bone absorption is usually followed by the new 
bone formation by osteoblasts, but the newly 
formed bone which is generated over the pros-
thesis surface does not bond directly to the metal 
substrate. Therefore, in a hip prosthesis with 
a 50–100 μ thick HA-coated layer, it is antici-
pated that the major part of the prosthesis surface 
may become naked and biologically discon-
nected from the surrounding bone tissue in about 
20–30 years. Based on the above assumption, the 
author designed a cementless hip prosthesis with 
two concepts that are (1) early bone ingrowth by 
AW-GC bottom coating and (2) persistent fi rm 
stability of the prosthesis by mechanical micro-
anchoring with the ingrown bone. From our pre-
vious study [ 14 ], it was confi rmed that AW-GC 
bottom coating accelerates bone ingrowth as well 
as implant fi xation better than HA-coating or 
AW-GC full coating. 

 In 1992, the author’s research group together 
with Kobelco Co. Ltd. (its biomaterials section is 
now converted to Japan Medical Materials Co.) 
developed a cementless hip prosthesis which has 
the AW-GC bottom coating over the whole sur-
face of the socket back and a small circumfer-
ential area at the proximal part of the stem. Its 
bearing mechanism is consisted of Zirconia head 
and cross-linked polyethylene. 

 This hip prosthesis has been used in about 
10,000 cases up to now in Japan. A follow-
up study carried out 5–10 years after the hip 
replacement revealed an extremely low inci-
dence of radiolucency at the porous coated area 
where the AW-GC bottom coating is applied. 
Characteristic of this hip prosthesis is an early 
osseointegration at the AW-GC bottom coated 
area.   
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    Summary 

 Synthetic hydroxyapatite (HA) is now widely 
used as a bone substitute and as a coating mate-
rial of joint prostheses, for the reason that HA 
has a character of osteoconduction and a capabil-
ity of forming direct bond to the living bone tis-
sue. In the clinical practice, however, often there 
is a need for a material which has both stronger 
bioactivity and higher mechanical strength than 
HA in order to obtain earlier bone bonding with 
bone substitute and to let patients put their body 
weight earlier on the affected site promoting 
their ambulatory life. Apatite- and wollastonite- 
containing glass-ceramic (AW-GC) synthesized 
at Kyoto University in 1982 has stronger bio-
activity as well as higher mechanical strength 
than HA, and therefore, AW-GC has been used 
to fabricate various types of prostheses and spac-
ers to be used in the spinal surgery and tumor 
surgery. Particularly, lumbar intervertebral spac-
ers and cervical laminoplastic spacers have been 
used in thousands of clinical cases with excellent 
clinical, radiological and biomechanical results. 
AW-GC has also been used as a coating material 
of hip prosthesis by the technique of bottom coat-
ing over the porous surface. A mid-term follow-
up study of several thousands of clinical cases of 
hip replacement demonstrated the signifi cantly 
early osseointegration at the AW-GC bottom 
coated area comparing to the HA coated area. It 
is also anticipated based on animal experiments 
that the AW-GC bottom coating will ensure 
much longer stability of joint prosthesis than the 
AW-GC full coating or HA full coating. Thus, it 
was shown clinically that the AW-GC is useful 
as a bone substitute as well as a coating material 
even in locations where HA cannot adequately 
be used.     
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Alumina Composite: The Present 
Generation of Load Bearing 
Ceramics in Orthopedics

Bernard Masson and Meinhard Kuntz

It is now more than 40 years that commercially 
pure alumina is in clinical use for the production 
of heads and sockets for hip replacements [1]. So 
far more than six millions components have been 
implanted worldwide [2] and during the last two 
decades the use of alumina components has con-
tinuously increased in Europe and, more recently, 
in the USA.

The selection of alumina ceramic as a bioma-
terial was based on its unsurpassed biological 
safety and stability in the living environment and 
the first applications were based on pure alumina, 
which technology was continuously improved in 
order to increase the reliability and the perfor-
mances of alumina components, an effort that has 
been very successful, as alumina in orthopedics 
is known as “The Ceramic”.

Hip arthroplasty is among the most success-
ful surgical procedures since ever. This has led 
to the widening of the eligibility of patients 
for this treatment. The Charnley’s selection of 
metal-on- UHMWPE bearings for his low fric-
tion arthroplasty [3] is fully justified taking into 
account the age and the activity level of the early 

1960s patients. Today hip arthroplasty patients 
are much more active, irrespectively of their age, 
and intended to save albeit improve their life-
style after surgery. Ceramic components resulted 
especially suitable for these patients, and to ful-
fill the patients and surgeons demand the cera-
mists focused their efforts on the development 
of ceramic composites to obtain a ceramic with 
mechanical behavior suitable for the design of 
new and more challenging devices, joined to the 
high biological safety and wear behavior of pure 
alumina.

The first alumina and zirconia composite 
material introduced in clinic is a ZTA known 
under the trade name of BIOLOX® delta 
(CeramTec GmbH, Plochingen, Germany) [4]. 
So far, BIOLOX® delta has 10 years of clini-
cal records in hip replacements and is opening 
its way also in the knee [5], while the develop-
ment of other ceramic medical devices made out 
BIOLOX® delta is in progress.

 Developments in Alumina 
Technology

As many ceramics, alumina shows very good 
performances in compression, but it is more sen-
sitive to tensile stresses. The materials does not 
show (at room temperature) plastic deformation 
before fracture (e.g. no yield point in stress–
strain curve before fracture), and once started 
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fractures may propagate very fast (low tough-
ness KIC). As the tensile strength of alumina is 
improved the highest the density and the smaller 
the grain size, to maximize the density and to 
minimize the grain size were among the goals 
of the development process that was started soon 
after the introduction of alumina in clinical appli-
cations, aimed overall to improve the reliability 
of alumina components.

The first milestone in the development pro-
cess may be set around 1980, when thanks to 
the introduction of high purity starting materials 
in ceramic production, to improvements in pro-
cess control and to the definition of the standard 
ISO 6474, was obtained the so-called “second 
generation alumina”. The experience gained led 
also to abandon some early design – e.g. skirted 
heads, due to the unacceptable complication 
rate [6].

The reliability of alumina balls and sockets 
was improved also by the use of the laser mark-
ing. The component identification marks in the 
first series were made by diamond engraving the 
components before firing, raising concerns about 
local stress concentrations. The application of 
the new laser marking technique demonstrated in 
clinical use its positive effects on the reliability of 
alumina ceramic components.

The most relevant development in improving 
the reliability of ceramic components was the 
introduction in the testing protocol of proof test, 
a nondestructive test aimed to discard all those 
components containing a critical size flaw that 
may shorten the expected lifetime.

A further contribution to the improvement of 
reliability of medical-grade alumina components 
was obtained by the introduction of Hot Isostatic 
Pressing (HIP). This thermal treatment – per-
formed slightly below the sintering tempera-
ture under extremely high pressures (about 
100 MPa) – allows to obtain high density limiting 
the development of the grain size.

All the process improvements in above led 
about 1995 to the introduction into the market of 
the present “third generation alumina” The aver-
age grain size decreased from 3.2 to 1.8 μm while 

bending strength in clinical grade alumina (e.g. 
BIOLOX® forte) is 650 MPa (Table 14.1).

 Alumina Matrix Composites

Alumina-matrix composites represent the lat-
est development in alumina technology, and are 
identified by some Authors as “the fourth gener-
ation alumina”. Alumina-matrix composites had 
been developed to obtain a ceramic in which the 
biocompatibility and stability of alumina would 
be joined to enhanced toughness and mechani-
cal properties with respect to pure alumina [7]. 
Materials with different microstructures may 
be achieved in these systems, as exhaustively 
reported by Claussen [8]. Zirconia-Toughened 
Aluminas (ZTAs) were investigated in France 
and Italy [9–11], in view of applications in 
orthopedics without leading to clinical applica-
tions up to now. It was in the 2000s that an in situ 
reacted Alumina Matrix Composite (BIOLOX® 

delta) had been qualified for clinical applica-
tions [4].

BIOLOX® delta is obtained by the following 
chemical-physical reactions taking place within 
the lattice during sintering [12]:

The basic transformation equations are known 
as follows:

 2 3 2 3 2 3YCrO Y O Cr O® +  (14.1)

 SrZrO SrO ZrO3 2® +  (14.2)

 Al O Cr O Al O Cr2 3 2 3 2 3+ ® :  (14.3)

 SrO Al O Cr SrAl Cr Ox+ ®6 2 3 12 2 19:   (14.4)

 ZrO Y O ZrO Y2 2 3 2+ ® :  (14.5)

The sub-micron particles of yttria-stabilized 
tetragonal zirconia (Y-TZP) are forming about 
17 vol% of the material while strontium alumi-
nate platelets are accounting for about 1 vol%, 
the balance being fine grained alumina contain-
ing in solid solution chromium dioxide, forming 
the matrix of the ceramic. toughened by phase 
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 transformation in the Y-TZP grains and rein-
forced by the presence of platelets acting as a 
secondary, reinforcing structure in the composite.

 Behavior of BIOLOX® Delta

 Mechanical Properties

The bending strength and toughness values char-
acteristic of BIOLOX® delta have been summa-
rized in Table 14.1. These properties are based on 
the presence both of transformation toughening 
by zirconia and by the reinforcement due to the 
platelets within the alumina matrix.

 Transformation Toughening 
by Zirconia
The presence of the Y-TZP phase is crucial for 
the reinforcement of BIOLOX® delta. These 
sub- micron particles evenly distributed within 
the microstructure are metastable in nature, and 
on their ability to transform their lattice from 
tetragonal to monoclinic relies their contribu-
tion to the mechanical properties of the compos-
ite. The tetragonal to monoclinic transformation 
in Y-TZP biomaterials had been already com-
prehensively described elsewhere [13]. In 
Alumina Matrix Composite when the con-
straint exerted onto the zirconia grains by the 
stiff alumina matrix is relieved, i.e. by a crack 

Table. 14.1 Required material properties according to the ISO standards 6474 – 1 (pure alumina), ISO 6474 – 2 (alu-
mina – zirconia composite) and ISO 13 356 (zirconia)

ISO Standard ISO 6474-1 ISO 13 356 ISO 6474-2

Material Unit Pure alumina Zirconia Alumina zirconia type X

Average bulk density ≥3.94 g/cm3 ≥6.00 g/cm3 ≥99 %

Chemical composition wt % Al2O3 ≥ 99.7, 
MgO ≤ 0.2, 
impurities ≤ 0.1

ZrO2 + HfO2 + Y2O3 ≥ 99.0, 
Y2O3 4.5–6.0, HfO2 ≤ 5, 
Al2O3 ≤ 0.5, Others ≤ 0.5

Al2O3 60–90, ZrO2 + HfO2 
10–30, additives ≤10, 
impurities ≤ 0.2

Grain size

Mean value AI2O3 µm ≤2.5 ≤1.5

Standard dev % ≤40 % ≤25 %

Mean value ZrO2 µm ≤0.4 ≤0.6

Standard dev. % ≤40 %

Strength MPa ≥500 ≥800 ≥1000

Weilbull modulus  
(4 pt bending)

≥8 ≥8

Young’s modulus GPa ≥380 ≥320

Fracture toughness MPa √m ≥2.5 ≥4.0

Hardness HV1 GPa ≥18 ≥16.0

Wear resistance Info For comparison before 
and after accelerated aging

Cyclic fatigue limit No failure at 
200 MPa

No failure at 320 MPa No failure at 400 MPa

Upper limit of monoclinic 
phase

% ≤20

Radioactivity zirconia 
raw material

Bq/kg ≤200 ≤200

Accelerated aging 5 h authoclaving ≤ 25 % 
monocle phase

10 h autoclaving

Autoclave (0.2 MPa,  
134° C)

Strength decrease not 
more than 20 %
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advancing in the material, the zirconia grains 
near the crack tip shift simultaneously and in an 
ordered way into monoclinic phase The 3–4 % 
volume expansion and the shear strain associ-
ated to tetragonal-to-monoclinic transformation 
of grains absorbs energy. This dissipates the 
energy of the advancing crack at the crack tip 
due to the T-M transformation. The crack needs 
to overcome the compressive stress field cre-
ated within the matrix by the volume expansion 
of the grains to progress further. These energy 
dissipating mechanisms are the basis of the 
toughening contribution of the YTZP phase to 
BIOLOX® delta.

 New Experimental Evidence 
for the Impact of Platelets

Incorporation of fibres, whiskers or platelet 
shaped components into a ceramic composite 
material is a well-known concept for tough-
ness improvement. The toughening mechanism 
of such components is usually described based 
on crack deflection and crack bridging. Crack 
deflection requires strong reinforcing elements 
and a relatively weak interface. Furthermore, 
the volume share of the reinforcing phase should 
cover at least 10 % or more.

Analysis of crack extension on the surface of 
a BIOLOX® delta specimen was conducted. It 
was found that the platelets visible on the surface 
do not provide any crack deflection nor crack 
bridging. While this analysis does not examine 
platelets in the bulk material, on the surface the 
cracks preferably cross the platelet crystals. It is 
suggested from this analysis that crack shielding 
and bridging may not be the only key mechanism 
in this material.

However, there is clear empirical evidence that 
presence of platelets leads to significant increase 
of fracture toughness. A large variety of experi-
mental composites similar to BIOLOX® delta 
with and without platelet building ingredients 
was produced and the resulting fracture tough-
ness was measured as it is shown in Fig. 14.1. 
Obviously, the average fracture toughness of 
composites with platelets is significantly higher 

than the variations without platelets. Currently 
the underlying mechanism of the toughening 
effect of the platelets is not fully clear. One the-
ory is that the platelets support the extension of 
zirconia phase transformation in the vicinity of a 
crack tip.

 Hardness

The final composition of BIOLOX delta also 
includes chromium. Some literature studies 
have indicated that the solid solution of chro-
mium cations in the alumina lattice may increase 
the hardness of certain alumina materials [14]. 
However, the Bradt study suggests a measure-
able increase is only available at a Cr2O3/Al2O3 
ratio around > 5 %. In BIOLOX® delta the Cr2O3/
Al2O3 ratio is only 0.5 %. Consequently, this 
chromium content has no effect on the hardness 
of BIOLOX Delta. Taking into account measure-
ment uncertainty and normal scatter of hard-
ness, a material comparable to BIOLOX® delta, 
but without chromium, shows equivalent hard-
ness. This is the result of a recent comprehensive 
study [15]. It should be considered that hardness 
of a ZTA ceramic can be influenced by several 
parameters, e.g. grain size, density or zirconia 
content. We assume today that early results of a 
chromium impact on hardness in BIOLOX® delta 
may be traced back to secondary effects. The 
only effect of chromium in BIOLOX® delta is the 
 eye-catching pink color of the final material
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Fig. 14.1 Effect of platelet building ingredients on 
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 Hydrothermal Aging

Phase transformation caused by hydrothermal 
aging is an undesired effect. However, as it has 
been shown in the previous chapters, monoclinic 
phase transformation is necessary for the rein-
forcement and the high strength and toughness 
of the material BIOLOX® delta. Thus, a certain 
amount of phase transformation in hydrothermal 
environment is not a matter of concern. It depends 
on the specific composition of the material if 
there is a critical level of phase transformation 
where the material can be damaged. In the years 
2001–2002 some batches of the pure zirconia 
material Prozyr® of the company Desmarquest 
showed catastrophic failure in-vivo due to sub-
stantial monoclinic phase transformation at the 
surface [16]. It has to be emphasized that such 
a damage is impossible in BIOLOX® delta due 
to the fact that only 17 vol% consist of zirconia. 
Consequently, the ultimate upper limit of mono-
clinic zirconia is only a total of 17 % whereas 
83 % of the material remains not affected by 
phase transformation and hydrothermal aging.

As mentioned above, hydrothermal aging is 
accelerated at elevated temperatures. For pure 
zirconia in biomedical applications a standard-
ized accelerated aging test is recommended in 
ISO 13 356. Hydrothermal aging is evaluated 
using an accelerated aging test setup according 

to ISO 6474-2. The accelerated aging  conditions 
are autoclaving at 134 °C, 2 bar steam for 10 h. As 
a rough estimate these conditions are equivalent 
to 40 year exposure in body fluid environment.

However, this transfer of aging kinetics 
depends on individual properties of a material.

The aging behavior of BIOLOX® delta has 
been extensively analyzed using accelerated 
hydrothermal aging by autoclaving. Moreover, the 
aging has been combined with severe mechanical 
static and dynamic testing in order to understand 
if any material degradation occurs during aging.

In fact, the monoclinic phase content in 
BIOLOX® delta is increased after long term aging. 
In Fig. 14.2 quantitative analysis of monoclinic 
phase transformation using Raman spectroscopy 
are shown. The aging conditions (121 °C, 1 bar) for 
this analysis were slightly different from the rec-
ommendation in the ISO standard. As in Fig. 14.2 
the gray intensity indicates monoclinic phase dis-
tribution. As can be seen the monoclinic content is 
increased after extreme long exposure time. After 
300 h the monoclinic phase content reaches a rela-
tive value of 66.7 %, i.e. 11.3 % of the total volume 
of the composite are monoclinic zirconia.

The autoclaving time used in this study is 
extremely long, much longer than recommended 
in the ISO standard. The monoclinic phase con-
tent seems to reach a saturation since the increase 
from 200 to 300 h is only marginal.

Aging duration 0 h 100 h
17,7 % 48,8 %

8,3 %

200 h
64,1 %
10,9 %

300 h
66,7 %
11,3 %3,0 %

Monocl. Absolute

Monocl. Relative

Fig. 14.2 Increase of monoclinic phase content after 
very long term hydrothermal aging in an autoclave. 
Autoclaving conditions 121 °C, 1 bar. Quantitative 

monoclinic phase content obtained by direct 
communication to the author (Adapted from Pezzotti et al. 
[29])
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 Wear Behavior

At normal wear conditions (e.g. standard wear 
simulator) the wear of a hard-hard couple of 
BIOLOX® delta is very similar to the excellent 
performance of the well proven pure alumina 
BIOLOX® forte. The difference in hardness 
between these materials does not compromise the 
normal wear behavior.

However, a significant advantage of BIOLOX® 

delta is identified in the case of worst case wear 
simulation as shown in Fig. 14.3. In this experi-
ment microseparation of ceramic ball head and 
insert during each load cycle has been simulated 
which leads to highly localized forces at the con-
tact area. This experimental setup was supposed 
to simulate e.g. low tension of the soft tissue after 
surgery as it is discussed frequently by orthopedic 
experts. It was concluded from various retrievals 
that in some cases a well defined stripe-shaped 
area shows a more intense worn surface than the 
normal surface of the ball head. This phenom-
enon is known as “stripe wear”.

In the experiment, heavy wear conditions are 
simulated due to the highly located contact area. 
It was found after five mio microseparation load 
cycles that the wear volume of BIOLOX® delta 
was ten times lower than that with the pure alu-
mina BIOLOX® forte [17].

Obviously BIOLOX® delta shows an excellent 
“stripe wear tolerance”. The analysis as given 

in [17] shows that in the stripe wear region the 
monoclinic phase content is strongly increased. 
This indicates the mechanism behind the excel-
lent stripe wear tolerance of BIOLOX® delta. As 
a first approach it is assumed that at these special 
test conditions a very high localized stress acts in 
the contact area which may be able to introduce 
damage in the surface. In this case the reinforcing 
mechanism is activated in BIOLOX® delta. The 
toughness of the surface is increased by phase 
transformation which prevents surface damag-
ing even under these extreme conditions. This 
assumption is supported by the Raman analysis 
of the worn surface. In the stripe wear region a 
high monoclinic phase content was found which 
indicates that phase transformation for reinforce-
ment took place.

 Applications in New Devices

On November 2014 more than five million 
BIOLOX® delta components had been implanted 
worldwide. Besides these devices the outstand-
ing mechanical behavior of this composite have 
made possible the production of more challeng-
ing devices, like all-ceramic condylar compo-
nent for Total Knee Replacements [18–20], 
Shoulder, inlays for pre-assembled big diameter 
(36 mm or more) THR bearings [21, 22] while 
other devices for application in the spine, small 
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joints [23] or to achieve direct to bone fixation 
are under study [24].

A special mention has to be made of ball 
heads especially conceived for THR revision 
(BIOLOX® option system). It is known that 
since ever it was recommended to avoid the 
use of a ceramic head on a used taper, e.g. dur-
ing a revision surgery of an implant with a well 
fixed stem (Fig. 14.4). By the composite ceramic 
BIOLOX® delta it was possible to manufacture 
ceramic ball heads with reduced thickness able 
to host a metallic sleeve which plastic deforma-
tion will accommodate the scratches and ridges 
of the taper, without inducing stress risers on the 
ceramic. Several sleeve design are available, that 
can provide different neck length (up to +7 mm) 
providing the way to assure intraoperatively the 
correct lateralization of the implant [25, 26].

 Clinical Outcomes

The results of the prospective, randomized, 
multicenter IDE trial performed in the USA 
on BIOLOX® delta ceramic-on-ceramic (CoC) 
bearings have been recently reported [27]. This 
study was including 177 CoC bearings and 87 
Ceramic-on-Cross Linked polyethylene (CoP – 
BIOLOX® delta on Marathon® , DePuy, J&J, 
Warsaw, IN). All the bearings were on 28 mm in 
diameter. The average duration of the follow-up 

was 31.3 months (range, 21–49 months). Overall 
the Harris Hip score of the CoC group was higher 
than the one of CoP group (94.4 Vs. 93.8) and the 
survivorship of both bearings was similar (CoC 
97.6 % Vs. CoP 97.7 %).

No failures for early aseptic loosening nor 
dislocations were observed in the series of 386 
THR with BIOLOX® delta ceramic-on-ceramic 
bearings reported by Oakley [28]. Implants had 
been performed between 2006 and 2008, the 
Oswestry Hip Score definitely improved postop-
eratively (OHS 43 Vs. 16 pre-op). No bearing-
related complication were observed. Only in the 
radiograph performed at 1 year follow up it was 
noted one the chipping of the acetabular rim. It 
was presumably due to a patient fall, but being 
asymptomatic it required no action.

 Conclusions

Alumina ceramics are still a valid option in 
THR bearings. The alumina matrix composite 
BIOLOX® delta represents the most advanced 
development of their technology which repre-
sents today the golden standard in hip arthro-
plasty. Namely, all the latest research now 
in progress are taking ceramic bearings as a 
reference. The excellent hydrothermal stabil-
ity and aging behavior, joined to so far unsur-
passed mechanical properties, high hardness, 
biological safety and excellent wear behav-
ior also in off-normal conditions are mak-
ing this ceramic a significant addition to the 
 technology of arthroplasty both increasing the 
longevity of implants, both making possible 
the construction of reliable more challenging 
and innovative ceramic devices.
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      Validation of a High Performance 
Alumina Matrix Composite for Use 
in Total Joint Replacement                     

     Bernard     Masson       and     Meinhard     Kuntz    

       Since 200. more than 3.8 million femoral head 
and 1.5 million inserts of the new high perfor-
mance ceramic composite BIOLOX® delta  have 
been successfully implanted. Due to the unique 
strength and toughness of this material the risk 
of fracture has been substantially reduced when 
compared to conventional ceramic materials. 

 However, one should keep in mind that the 
outstanding properties of BIOLOX® delta  rely on 
complex reinforcing mechanisms. Therefore, it is 
necessary to assess if reinforcement is maintained 
throughout the live-time of the artifi cial joint 
which is anticipated to exceed more than 20 years. 

 Like any other material which is intended for 
surgical applications, the suitability must be eval-
uated based on multiple approaches, like intrinsic 
mechanical material properties, biocompatibility, 
system compatibility and fi nally in-vivo scoring 
of the surgical outcome 

 The basis of all progress in material develop-
ment for surgical applications are the intrinsic 
material properties. When the surgeon decides 
to replace a known material by a new one, there 
must be suffi cient indication for a substantial 
benefi t. The most challenging question is to 

predict the reliability of the material after many 
years of service life. 

 Within the scope of this paper, the intrinsic 
material properties of the composite ceramic 
BIOLOX® delta  are analysed. Life time can be 
traced back to basic principles, i.e. how can a 
material be damaged after many years of service. 
Every material degrades after many years loading 
in an aggressive environment. It is the challenge 
to create a material which preserves suffi cient 
residual reliability even under worst case condi-
tions for many years. 

 Due to the chemical stability ceramics obvi-
ously provide an intrinsic advantage in compari-
son to other materials like metals and polymers. 
Ceramics are produced in the state of a fully satu-
rated chemical bonding. There is no driving power 
left for further chemical interaction with the envi-
ronment. Thus, typical life time limiting problems 
like corrosion or water adsorption are not relevant 
for high performance and high purity ceramics. 

 It must be considered if there are other mecha-
nisms which may limit the life time of ceramics. 
It is well known that like all other materials also 
ceramics may suffer degradation from following 
distinguished events: 

 Fatigue  Resistance against long time static and 
alternating load 

 Ageing  Resistance against hydrothermal or other 
chemical attack 

 Wear  Durability under abrasive conditions 
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  Vieille-Toulouse ,  France   
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    In this chapter, the life time limiting mecha-
nisms and the relevance for the application as a 
surgical implant are discussed. It is shown how 
life time of the ceramic material BIOLOX® delta  
can be described and evaluated. The unique micro-
structure and reinforcing mechanisms of the mate-
rial not only support the short term performance 
like fracture toughness and strength but also 
improve substantially the long term reliability. 

    Description of Biolox® Delta  

 BIOLOX® delta  is an alumina based composite 
ceramic. 80 vol % of the matrix consist of fi ne 
grained high purity alumina which is very simi-
lar to the well known material BIOLOX® forte . 
As it is the case in any other composite mate-
rial, the basic physical properties like stiffness, 
hardness, thermal conductivity etc. are mainly 
predetermined from the dominating phase. It 
was the basic idea for the development of the 
new material to preserve all the desirable prop-
erties of BIOLOX® forte  which has millions of 
components in service but to increase its strength 
and toughness. These properties are rigorously 
improved by implementation of reinforcing ele-
ments. Figure  15.1  shows the microstructure of 
BIOLOX® delta .

   Two reinforcing components are integrated in 
BIOLOX® delta . 17 vol % of the matrix consist of 
tetragonal zirconia particles. The average grain 
size of the zirconia is around 0.2 μm. As a fur-
ther reinforcing element, apprx. 3 vol % of the 
matrix are built by platelet shaped crystals of the 

ceramic composition strontiumaluminate. The 
platelets stretch to a maximum length of apprx. 
3 μm with an aspect ratio of 5–10 

 Additionally to the reinforcing components, 
there are other elements doped to the material. 
The composite contains yttrium which is solved 
in the zirconia and which supports the stabiliza-
tion of the tetragonal phase. The material contains 
Chromium, this element is known to be soluble in 
the alumina matrix, similar to the gemstone ruby 
which is an alumina single crystal with certain 
chromium content. The only effect of chromium 
in BIOLOX®delta is the eye-catching pink color 
of the fi nal material 

 The reinforcing elements, in particular the 
zirconia, substantially increase fracture tough-
ness and strength of the material [ 1 ,  2 ]. Fracture 
toughness (K IC ) is a measure for the ability of the 
material to withstand crack extension. Strength 
(s c ) is defi ned as the maximum stress within a 
structure that causes failure of the component. 
Consequently, when the fracture toughness of the 
alumina is increased also the strength is directly 
improved. This basic principle is the concept of 
the development of BIOLOX® delta . The micro-
structure is designed in order to provide a maxi-
mum of resistance against crack extension. 

 The benefi t in crack resistance which is 
obtained from incorporating zirconia into an alu-
mina matrix are well known in the science of high 
performance ceramics, as it is shown in Fig.  15.2 .

   The fi gure represents a realistic part of the 
microstructure. In the case of severe overloading 
crack initiation and crack extension will occur. 
High tensile stresses in the vicinity of the crack 
tip trigger the tetragonal – monoclinic phase 
transformation of the zirconia particles. The 
accompanied volume expansion leads to the for-
mation of compressive stresses which are very 
effi cient for blocking the crack extension. 

 As it is shown this reinforcing mechanism is 
fully activated within a region of a few microm-
eters. For the macroscopic performance of the 
material it is extremely important that immedi-
ately at the beginning of crack initiation also the 
reinforcing mechanisms are activated. Regarding 
Fig.  15.2  one should keep in mind that the 

Alumina matrix

Zirconia

Platelets

2 µm

  Fig. 15.1    Microstructure of BIOLOX® delta        
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 average distance between the reinforcing zirco-
nia particles is apprx. 0.2 μm, i.e. similar to the 
grain size. Thus, the reinforcement is activated 
immediately when any microcrack is initiated. 

 The reinforcing ability of zirconia particles 
is a consequence of the phase transformation, 
i.e. the spontaneous change from the tetragonal 
to the monoclinic phase. The phase transforma-
tion is accompanied by a volume change of 4 % 
of the zirconia particle, i.e. a linear expansion 
of 1.3 %. Spontaneous phase transformation is 
a well known principle in material science. For 
example, the properties of high performance 
steels also rely on spontaneous phase transforma-
tion from austenite to martensite. 

 It should be emphasized that the ability of 
phase transformation is the precondition for any 
benefi t of the zirconia within the material. The 
composite is designed such that phase transfor-
mation occurs when it is needed, i.e. in the case 
of microcrack initiation. In contrast to pure zirco-
nia (which draws its high strength from the same 
principle) the main source of the stability of the 
tetragonal phase is the embedding of the zirconia 
particles in the alumina matrix. In contrast, the sta-
bility of pure zirconia only relies on the chemical 
stabilisation (i.e. doping with yttria) and the grain 
size, which should not exceed a certain range. This 
is the most important distinction of the composite 
material BIOLOX® delta  to pure zirconia. In par-
ticular, the mechanical stabilization of the stiff alu-
mina matrix is not sensitive to any ageing effect.  

    Correlation of Material 
and Component Properties 

 Material properties are determined to ISO 
6474-2 which is applicable for zirconia tough-
ened alumina composite ceramics. In compari-
son to a pure alumina material, these composites 
are distinguished by a signifi cantly improved 
strength and toughness. It should be noticed 
that the high strength limit in ISO 6474-2 of 
1000 MPa is outperformed by BIOLOX delta by 
almost + 40 % ! In this chapter it is intended to 
discuss shortly how these materials data corre-
late to component properties, e.g. the strength of 
ball heads and inserts. 

 In general, the performance of any system 
depends on the intrinsic material properties, the 
design and manufacturing quality of the compo-
nents and the system, the external load and the 
particular environment, and fi nally the quality of 
mounting and installation. The use of high per-
formance materials inevitably promotes the per-
formance of a system – however, the other factors 
may be even more decisive for the success of a 
system. These complex correlations must be nec-
essarily evaluated by design analysis, modeling, 
simulations, risk analysis and many other tools. 
In order to eliminate any infl uences of design fea-
tures most of the material testing has been per-
formed using 4-point bending bars. 

 In Fig.  15.3  the setup of the regular 4-point 
bending test as recommended in ISO 6474-2 and 

  Fig. 15.2    Reinforcing mechanism in BIOLOX® delta  at crack initiation and propagation       
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the burst test according to ISO 7206 are shown. 
The bending test reveals the intrinsic strength of 
the material whereas the burst test is designed in 
order to simulate the in-vivo load of ceramic ball 
heads.

   The strength measured with the bending test 
is – to a fi rst approach – an intrinsic material 
parameter, whereas the burst load as obtained 
from the burst test depends on the materials 
strength and the design of the ball head and the 
taper. This is directly shown by comparison of 
strength and burst load of different ball heads 
made of BIOLOX®forte and BIOLOX®delta, see 
Table  15.1 .

       Effect of Hydrothermal Aging 
on Strength of Biolox®Delta 

 It is necessary to examine if the phase transfor-
mation reveals any damage or loss in strength 
of the material. For this purpose experiments 
were designed in order to combine acceler-
ated aging and mechanical loading at a very 
high stress level. The specimens were prepared 
according to the 4-point bending confi guration 
as it is shown in Fig.  15.3  (left). These bend bars 

were exposed to accelerated aging and then to 
 loading-unloading cycles at high stresses. After 
aging and cyclic loading the residual strength 
was determined. 

 Two stress levels (300 MPa and 600 MPa) 
were chosen for the cyclic loading tests. The 
lower stress level was applied for 20 Mio cycles, 
the higher stress level for 5 Mio cycles. All tests 
were performed in Ringer’s solution. The accel-
erated aging was simulated by 5 h and 100 h treat-
ment in standard autoclaving conditions (134 °C, 
2 bar water steam). It should be noted that again 
an aging time much longer than required from the 
standard was used. For each step of the experi-
ments (as received, after aging, after aging and 
cycling) the monoclinic phase content was mea-
sured using X-ray diffraction. 

 As the most amazing result the yield of speci-
mens surviving all the tests was 100 % in all 
cases. Even most severe conditions (i.e. 100 h 
autoclaving, 600 MPa cyclic load) did not reveal 
any premature failure. It should be recalled that 
this stress level represents four times the high-
est load level at worst case conditions in-vivo. 
We can thus conclude that the reliability of 
BIOLOX®delta exceeds by far the necessary 
requirements for reliable surgical components. 

 Table  15.2  shows the results of the post – test 
analysis including residual strength and mono-
clinic phase content. There is –as expected – a 
marginal natural scatter in residual strength. 
However, statistical analysis using Student’s 
 t -test did not reveal any signifi cant deviation of 
all strength results.

   In contrast, there is a clear tendency of an 
increase in monoclinic phase content both, after 
autoclaving and after cyclic loading, which is 

  Fig. 15.3    Schematic set-up of 4 point bending test and 
ball head burst test       

   Table 15.1    Comparison of strength and burst load of BIOLOX®forte and BIOLOX®delta   

 Parameter  Test/design  Unit  BIOLOX forte  BIOLOX delta  Ratio delta/forte 

 Strength  Bend bar 3 × 4 × 45  MPa  620  1370  2.2 

 Burst load  28–12/14 L  kN  54  85  1.6 

 Burst load  36–12/14 M  kN  110  131  1.2 

  Due to the statistical nature the strength also slightly depends on the specimen size and the stress distribution. Size 
effects can be mathematically balanced. In order to obtain results which can be directly compared to each other the 
standardized set-up of the bending test should be used  
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illustrated in Fig.  15.4 . For example, the test series 
without autoclaving shows an increase of mono-
clinic phase content from 18 % in the initial state 
to 47 % after 5 Mio cycles at 600 MPa. It must 
be concluded that the cyclic mechanical loading 
at a high stress level (600 MPa) which represents 
already the strength of pure alumina activated the 
reinforcing ability of the material. As discussed 
under Fig.  15.2 , a high mechanical stress triggers 
localized phase transformation which prevents any 
further crack propagation. Obviously the increased 
amount of monoclinic phase content does not dete-
riorate the strength of the material. This important 
conclusion is independent from the source of the 
phase transformation. In other words, when the 
phase transformation is activated either by acceler-
ated aging, cyclic fatigue or a combination of both, 
the residual strength remains at the initial level.

       Conclusions 

 The material BIOLOX® delta  has been exposed 
to extreme conditions (accelerated ageing and 
cyclic loading in Ringer’s solution). It has 
been shown that even a combination of worst 
case conditions does not reveal any prema-
ture failure. Furthermore, it was shown that 
the residual strength remains on the initial 
level. A certain amount of phase transforma-
tion was observed during the tests. The high-
est amount of monoclinic phase relative to the 
total volume of the specimen was 47 %. The 
residual strength was not affected by the phase 
transformation. 

 In other studies it was shown that 
BIOLOX® delta  performs extremely well in 
severe wear tests [ 6 ]. These results are also 
attributed to the reinforcing mechanism in the 
material. These exciting results promote the 
confi dence that BIOLOX® delta  offers the 
highest probability of long term durability in 
well designed artifi cial joint systems.     
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 18  33  43 

 5 h  Strength (MPa)  1332  1248  1361 

 Monoclinic phase 
content (%) 

 22  35  42 

 100 h  Strength (MPa)  1234  1308  1300 

 Monoclinic phase 
content (%) 

 30  33  47 

  Monoclinic phase is given relative to the total volume of the material  
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      New Composite Material: PLLA 
and Tricalcium Phosphate 
for Orthopaedic Applications-In 
Vitro and In Vivo Studies (Part 1)                     
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    Stephane     Aunoble     ,     Rachid     Sadikki     , 
and     Julien     Rigal    

       β-tricalcium phosphate (β-TCP) is an osteocon-
ductive, absorbable material, which, in porous 
ceramic form, is highly suitable for implants used 
in bone reconstruction, or as bone substitutes. 
Tricalcium phosphate, used for many years to 
replace or complement autologous bone in bone 
grafts, has proved its clinical effectiveness in 
many indications [ 1 – 7 ]. Like any ceramic mate-
rial, however, these implants have a brittle frac-
ture behaviour. They break suddenly, without any 
prior plastic strain, which restricts the clinical 
applications for these materials to surgery with 
low stress levels. 

 On the other hand, biodegradable polymers 
from aliphatic polyesters of alpha-hydroxy acid 
derivatives, such as polylactic acid (PLA), evi-
dence a modulus of elasticity closer to that of 
natural cortical bone and can retain high strength 
over time [ 8 ]. But these materials can induce 
unspecifi c infl ammatory tissue response [ 9 – 15 ] 
resulting in delayed bone healing / fusion or 
osteolytic reactions [ 9 – 21 ]. 

 To overcome the disadvantages of these dif-
ferent materials, composite materials of calcium 
phosphates and polyesters have been developed 
and evaluated in-vitro or in-vivo [ 22 – 32 ]. Such 
composite materials tend to increase phenotypic 
expression of osteogenic cells, reduce foreign-
body reaction and improve bone healing in a 
dose-dependent manner as compared to pure 
polymer materials. Various calcium phosphate 
(HA or β-TCP) contents have been evaluated, 
ranging 5–60 % (w/w) depending on the study. 
A low mineral content (10 % w/w) seems to 
induce a moderate infl ammatory reaction and 
does not evidence signifi cant improvement of 
bone response in the sheep femur as compared to 
pure PLLA [ 33 ] since higher HA ratios improves 
bone healing and lowers infl ammatory response 
of bone tissue in the same model. Similar results 
are reported concerning PLLA/TCP compos-
ites (70/30 w/w) in the dog mandible and tibia 
[ 34 ]; such implants are progressively replaced 
by normal bone tissue without adverse reaction. 
Signifi cant improvements of in the extend and 
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quality of bone healing are also reported about 
composite materials containing up to 60 % (w/w) 
of calcium phosphate mineral in the rabbit or rat 
[ 35 ,  36 ]. 

 The objective of this research was to carry 
out an  in vitro  and  in vivo  study of the biological 
performance of PLLA/TCP composite materials 
with increasing mineral contents (0–60 % w/w) 
in order to estimate the infl uence of the β-TCP 
ratio on human osteogenic cells behavior and 
bone tissue response, then further to evaluate the 
scope of potential applications in bone surgery. 

    Material and Methods 

    Samples 

 The β-TCP granules were prepared by granula-
tion and sintering at 1000 °C in air of a β-TCP 
powder free of HA or calcium pyrophosphate 
by infrared spectrometry and X-Ray diffrac-
tion, then further sieved to <125 μm particles. 
Appropriate w/w mixtures of β-TCP and PLLA 
(Purac Biochem, Gorinchem, The Netherlands) 
were prepared by mixing in air at 60 °C ± 5 °c 
for 24 h then processed by injection molding in 
the desired shape and size. Resulting composite 
samples were sterilized by gamma irradiation (25 
KGr). 

 The pure β-TCP ceramic samples (SBM, 
Lourdes, France) had a total porous volume of 
50 % (±5 %) with pore size ranging 5–400 μm, 
and were free of HA or calcium pyrophosphate 
by infrared spectrometry and X-Ray diffraction.  

    In Vitro Study 

 The  in vitro  study consisted of an evaluation of 
infl ammatory potential by assaying the IL-1α 
secreted by monocytes, then cell proliferation 
(counting) and phenotype expression (PAL and I 
collagen) in human osteogenous cells in contact 
with samples of PLLA/TCP composite materials 
(e = 2 mm / ϕ = 10 mm) containing 0 %, 30 %, 
and 60 % (w/w) β-TCP, respectively. 

 In brief, the cell proliferation tests were carried 
out using human osteogenous cells from bone 
marrow, as these composite materials are destined 
for use in bone implants. Cells were seeded at an 
initial density of 5000 cells.cm −2  in slide wells 
(Iscove’s modifi ed Dubelco medium + fetal calf 
serum at 10 % v/v) containing material samples 
(36 wells per material) then incubated for increas-
ing periods, up to 27 days. Cells were counted in 
Malassez cells following trypsinization of the cell 
layers. Alkaline phosphatase (PAL) was assayed 
by colorimetry, using p-nitrophenyl phosphate 
substrate, after centrifuging the suspensions and 
freezing the cell pellet. To study collagen synthe-
sis, the wells containing the samples were seeded 
at an initial density of 40.10 3  cells.cm −2  then the 
slides were incubated for 48 h, changing the 
medium (IMDM + 1 % SVF) after 24 h. Extra- 
and intracellular collagen was assayed separately 
by colorimetry (Kit Biocolor S2000). Monocyte- 
macrophages from human peripheral blood were 
put in contact with the various materials to study 
their infl ammatory potential (3.4.10 6  cells/well, 
HAM F12 + 10 % v/v SVF and antibiotics). This 
cell/material contact may induce cell activation, 
causing them to synthesize and secrete cytokines, 
particularly IL-1α, indicative of an infl ammatory 
reaction. The density of cells in contact with the 
material was assessed after 24–72 h in culture, 
using the protocol described above. The quantity 
of extra- and intracellular IL-1α secreted by the 
cells was also assayed (ELISA, Cayman chemi-
cal Interleukin 1-α kit). The culture well was the 
negative control and the culture medium contain-
ing 10 μg.ml −1  lypopolysaccharides was the posi-
tive control.  

    In Vivo Study 

 The  in vivo  study was carried out using cylindri-
cal implants de composite materials (l = 8 mm 
/ ϕ = 6 mm) composed of composite materi-
als containing 0 % or 60 % β-TCP and pure 
β-TCP, respectively. The implants were inserted 
in femoral sites in rabbits, using the Kathagen 
protocol. 
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 Each animal received a 60 % implant and 
either a 0 % or a 100 % implant in the contra-
lateral femur so that the materials could be 
compared with one another. Five animals were 
examined for each material and implantation 
period, giving a total of 30 animals. They were 
sacrifi ced by an overdose of anesthetic 1, 3, and 
6 months after implantation. The rabbit femurs 
were fi xed in a 4 % formaldehyde solution for 
several weeks. Each femur was cut transver-
sally above and between the condyles so that the 
implant could be cut transversally. The fragments 
were then washed in tap water and demineral-
ized in a 5 % EDTA diNa solution. The implants 
containing PLA were dehydrated in increasingly 
concentrated ethanol solutions then dissolved in 
chloroform for a few hours. The femur fragments 
were then put into absolute ethanol for 24 h. They 
were immersed in HEMA solution for 48 h, then 
in HEMA solution containing the activator for 
24 h. Once the blocks had set, 5 μm slices were 
cut and colored using Giemsa solution.   

    Results 

    In Vitro Study 

 The results showed, fi rst of all, that the compo-
sition of the materials tested had no signifi cant 

impact (Mann & Whitney) on IL-1α secretion 
in the intra- or extracellular compartments. The 
 values measured for each material were compara-
ble to those of the negative control and ten times 
less than those of the positive control, irrespec-
tive of the incubation period. Similar results were 
obtained for monocyte proliferation. None of the 
materials studied had any cytotoxic effects. 

 The results of the proliferation of the osteog-
enous cells from bone marrow (CO) are shown 
in Fig.  16.1 , which represents the variation in the 
number of CO depending on the culture time for 
the different materials studied.

   Cell density increased not only over time, but 
also with the percentage β-TCP in the composite 
material, which had a signifi cant impact (Mann 
& Whitney) after 3 days in culture. For example, 
at the end of the test (27 days), the number of 
osteogenous cells present on the 60 % material 
(61,000 ± 3500 cells.cm −2 ) was 220 % higher than 
on the 0 % (27,300 ± 300 cells.cm −2 ) and 120 % 
higher than on the 30 % material (42,500 ± 3600 
cells.cm −2 ). The PAL activity was comparable 
for all the materials, but the percentage β–TCP 
in the composite had a signifi cant impact on 
type I collagen synthesis. The quantity of col-
lagen fi xed in the extracellular matrix, assessed 
per well (Fig.  16.2a ) or per 10 6  cells (Fig.  16.2b ), 
increased with tricalcium phosphate content, 
reaching a maximum at 60 % mineral content.
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  Fig. 16.1    Variations in 
the density of human 
osteogenous cells on the 
surface of various 
composite materials in 
function of the incubation 
period       

 

16 New Composite Material: PLLA and Tricalcium Phosphate for Orthopaedic



176

       In Vivo Study 

 The pure PLLA implants did not appear 
degraded, even after the longest implantation 
time. They were surrounded by conjunctival tis-
sue containing large numbers of macrophages. 
After 6 months, some of the macrophages had 
phagocytized particles that appeared crystalline, 
but the implant maintained its structure. There 
were few bone trabeculae in direct contact with 
the implants, although, after 6 months, there 
was some ossifi cation in contact with the mate-
rial, separated by a fi ne layer of a few μm of 
metachromatic material. There were still some 
macrophage cells and collagen at the material 
interface. 

 Very soon after implantation, bone tissue was 
detected in direct contact with the composite 
implants. This tissue showed residues of cartilag-
inous matrix and was probably formed by chon-
droid ossifi cation (Fig.  16.3 ).

   At 6 months, the implant showed signs of deg-
radation. Loose conjunctival tissue containing 
bone trabeculae infi ltrated the implant, break-
ing it up in certain cases. It should be noted that 
these areas contained few macrophages. Their 
appearance was no different to that observed with 
porous ceramics of pure β-TCP. The bone tis-
sue was in direct contact with the implant. After 
6 months, some implants had broken up. The 
fragments were relatively homogeneous in size, 

i.e. a few hundred μm. A web of bone trabeculae 
had formed between the fragments (Fig.  16.4 ).

   A few macrophages containing polymer 
debris were observed, but in a very limited num-
ber. More generally, the surface had been eroded, 
with widespread pits several hundred microns 
deep. Ceramics particles had been released and 
were trapped in the trabeculae or medullary 
cavities.   

    Discussion 

 The results of the  in vitro  tests indicate that add-
ing increasing quantities of tricalcium phosphate 
to the lactic acid polymer stimulates both the 
proliferation of human osteogenous cells and the 
synthesis of the extracellular matrix. Cell density 
increased with the percentage of β–TCP in the 
composite, showing that cell proliferation was 
promoted by the presence of β–TCP. The results 
of the collagen assays in the extracellular matrix 
showed clearly that the quantity of collagen per 
cell increased in the same way, indicating that 
the β–TCP in the polymer matrix stimulated cell 
activity. The composite material with the high-
est mineral content (60 % by mass) showed the 
best behavior. We know that healing and consoli-
dation of the bone by endochondral ossifi cation 
are directly linked to the recruitment and pheno-
type expression of osteogenous cells at the site. 
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Composite materials thus seem more favorable 
for bone consolidation than pure polymer mate-
rials and have been shown  in vitro  to improve 
biological behavior. These results confi rm 
hypotheses on PLA/TCP [ 26 – 28 ,  37 ] materials 
and, more generally, the absorbable polyester/
calcium phosphate composites presented in the 
literature [ 22 – 25 ,  29 – 32 ,  38 ], where the presence 
of minerals in the polymer matrix promoted the 
proliferation and phenotype expression of oste-
ogenous cells  in vitro . These fi ndings were also 
corroborated by the histological examinations, 
which indicated clearly that pure PLA implants 
were systematically surrounded by a layer of 
conjunctival tissue containing large numbers 
of macrophages, irrespective of the length of 
implantation, whereas bone tissue grew in direct 
contact with composite implants during the fi rst 
few months and matured gradually until the 
end of the study period with no marked macro-
phage activation. The composite material under 

a b

  Fig. 16.3    ( a ) Beginning of the composite degradation 
process. Many implants still have the same texture as 
PLLA. Toluidine blue. ( b ) Detail of bone trabeculae in 

contact with the composite. There is no sign of a reaction 
to a foreign body. Toluidine blue × 40       

  Fig. 16.4    Irregular composite surface after 3 months. 
There are even calcium phosphate particles released from 
the matrix and integrated into the bone tissue. Toluidine 
blue × 300       
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 investigation is thus more favorable for bone con-
solidation  in vivo  than pure PLA and has identi-
cal properties to those of pure β–TCP ceramics. 

 This result is not particularly surprising if we 
consider the properties of the materials in the 
composite separately. We know that pure lactic 
acid-based polymers are not cytotoxic or infl am-
matory  in vitro  [ 10 – 13 ,  39 ,  40 ] but are capable 
of causing an infl ammatory reaction  in vivo  
[ 9 – 13 ,  15 ], as confi rmed by clinical observations 
[ 16 – 21 ]. Pure β–TCP, on the contrary, promotes 
bone healing by osteoconduction, becoming sur-
rounded by healthy bone tissue containing active 
osteogenous cells, with no intermediate fi brous 
layer. It is, thus, conceivable that composite mate-
rials such as those we studied have a “hybrid” 
biological behavior that becomes closer to that of 
pure tricalcium phosphate as the mineral content 
increases. What mechanisms are involved? 

 Pure lactic acid polymer implants are absorbed 
slowly, over several years, depending on the vol-
ume of the implant [ 19 ,  41 ]. The main mecha-
nism is internal hydrolysis [ 42 ], resulting in the 
sudden release of partially degraded polymer and 
monomer particles [ 9 ] at the end of the resorption 
process, which acidifi es the peri- implant region 
[ 43 ]. During this phase, large numbers of active 
macrophages, containing particles resulting from 
hydrolytic degradation, are found within fi brous 
infl ammatory tissue on the implant surface [ 10 –
 15 ,  19 ]. If no macrophage activation mechanism 
is established it may be assumed that the mono-
mer concentration [ 9 ,  43 ] (drop in pH) and the 
number of fi ne “phagocytizable” [ 44 ] particles 
contribute to this reaction. We observed signifi -
cant resorption of composite material implants, 
and thus of polymer, without any infl ammation. 
At 6 months, the surface was eroded to a depth of 
several hundred micrometers but there were only 
very few macrophages, some of which contained 
polymer particles. It cannot, therefore, be consid-
ered that activation of the cells during resorption 
of the polymer matrix was solely due to the pres-
ence of these particles. We know that the acidifi -
cation that accompanies the degradation of lactic 
acid polymers may also set off an infl ammatory 
reaction [ 43 ]. In a systematic  in vitro  study, Lin 
[ 28 ] measured the pH of solutions containing a 

variety of PDLLA/TCP composite materials. The 
pH stabilized at 2.3 for a pure polymer material 
and 5 for all the materials containing mineral, 
which shows the effect of β–TCP on the acidity 
of the solution. This observation was interpreted 
by the author as a result of the slower degrada-
tion kinetics of composite materials as compared 
to pure polymers. However, other authors have 
confi rmed our histological fi nding that degra-
dation kinetics increased with a higher mineral 
content [ 23 ,  26 ,  38 ], which leads us to observe 
that β–TCP causes an increase in both the deg-
radation kinetics of the composite material and 
the pH of the solution. This may be interpreted 
by noting that the TCP particles increase the 
permeability of the material, resulting in a more 
homogeneous hydrolysis of the polymer matrix 
in a liquid medium, whereas hydrolysis of pure 
polymer materials starts from the surface. β–TCP 
is alkaline in solution and may neutralize the acid 
functions of the hydrolyzed polymer chains. It is 
also soluble in an acid medium and dissolves in 
the hydrolyzed polymer, thus buffering the acidi-
fi cation of the medium. This may also account 
for the high level of osteoblast activity observed, 
as human osteogenous cells are stimulated by the 
dissolution products of materials containing cal-
cium and phosphate ions, like β–TCP [ 13 ,  30 ]. 
More generally, osteoblast cells activity and heal-
ing time may be linked to the concentration of 
dissolved calcium and phosphate ions and, thus, 
the dissolution kinetics of ionic materials. This 
interpretation accounts for our observations and 
is in agreement with widespread fi ndings in the 
literature.  

    Conclusion 

 This study showed that adding increasing per-
centages of β–TCP to a lactic acid polymer 
matrix stimulated the proliferation of human 
osteogenous cells and synthesis of the extra- 
cellular bone matrix in a dose-dependent 
manner. 

  In vivo  results indicate that, in comparison 
with pure PLA, tricalcium phosphate-contain-
ing composite materials had faster degrada-
tion kinetics, caused less infl ammatory 
reaction, and promoted contact osteogenesis. 
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 The composite material containing 60 % 
β-�TCP demonstrated a similar performance 
to pure tricalcium phosphate bone grafts in 
terms of osteogenesis and is apparently com-
patible with the production of intra-osseous 
implants for obtaining bone fusion or healing. 
Further studies are necessary to evaluate the 
ability of such a composite material to retain 
suffi cient mechanical strength overtime for 
providing safe correction or stabilization of 
the implanted bone fragments.     
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      Clinical Results of a New 
Resorbable Composite Material 
for Cervical Cage: 6 Years’ 
Follow-up (Part 2)                     

     Jean     Charles     Le     Huec      ,     Antonio     Faundez      , 
    Stephane     Aunoble     ,     Rachid     Sadikki     , 
and     Julien     Rigal    

       Effi ciency of corticocancellous autologous bone 
grafts in cervical interbody fusion has been 
widely reported since Smith and Robinson [ 1 ] or 
Cloward [ 2 ]. Depending on the studies, 70–96 % 
of the patients develop good or excellent results. 
However, the use of autologous grafts induces a 
second operation, generally on the iliac crest, and 
may be associated with an important morbidity 
[ 3 ]. Moreover, such complications as long term 
pain syndrome, femorocutaneus nerve damage, 
infection or secondary fracture has been reported 
[ 4 – 6 ]. In order to prevent such risks, different 
bone substitutes are nowadays available. Natural 
ones like allografts or xenografts [ 7 ,  8 ] have been 

studied since decades. With a cancellous-like 
architecture, their macroscopical structure can 
help bone ingrowth and lead to satisfying results 
with regards to bone fusion, both on animal mod-
els or humans. But these natural bone grafts still 
represent a microbiological risk, like AIDS, hep-
atitis or non-conventional disease transmission. 
For these reasons, we preferred synthetic materi-
als when choosing a bone substitute. Elaborated 
from pure chemical compounds, such materials 
seemed safer to us. Among the family of synthetic 
materials, calcium phosphate compounds like 
hydroxylapatite (HA) are probably better known. 
Intensively studied over the last 20 years [ 9 ], such 
compounds are biocompatible. In a porous form, 
they facilitate bone cells penetration and lead, as 
well as allografts or heterografts, to bone heal-
ing and fusion with surrounding bone [ 10 – 18 ]. 
HA is reported to be poorly – or non – resorbable 
and capable of achieving a long-term correction 
if suffi cient mechanical strength and stability can 
be obtained. Clinical studies recently confi rmed 
these theorical fi ndings, in the fi lling of non load- 
bearing bone defects or in spinal surgery [ 16 , 
 19 – 25 ]. Tricalcium phosphate (TCP) is com-
pletely resorbable in a variable period depend-
ing on the porosity and the mass. The advantage 
of this ceramic is that the resorption occurs in 
the same time of bone healing and this leads to 
a complete fusion with at the end only bone in 
the same way as a Cloward procedure. However, 
pure HA or TCP ceramic materials are brittle 
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and can fracture without prior elastic deforma-
tion, leading to the formation of hard debris pre-
senting a risk of spinal cord or nerve root lesion. 
We have recently developed a composite mate-
rial composed of b-TCP and lactic acid polymer 
(PLLA), which has a high breaking strength and 
a real capacity to withstand plastic and elastic 
strain. It thus has the major advantage that it can 
be used under conditions of high biomechanical 
stress with a low risk of rupture. This could be a 
serious advantage but there is no study at time to 
know if this fusion occurs without loss of correc-
tion and there is no study to evaluate the rate of 
complications of such a resorbable material. The 
objective of this study was to carry out a clinical 
study to evaluate radiological and clinical results 
of this new composite cervical interbody cage. 

    Materials and Methods 

 Patients were operated with Implants provided 
by SBM (SBM, Lourdes, France). The cage was 
made of composite material (material contain-
ing 60 % PLA and 40 % TCP) and inside was 
impacted a tricalcium phosphate ceramic block 
(porosity: 60 %) that matched the cage size 
(Fig.  17.1 ). These material was previously tested 
and evaluated in an in vitro and in vivo study (see 
Chap.   19    ).

   Fourty patients, suffering of cervical nevral-
gia in relation with soft disc herniation, were 
operated according to the Smith and Robinson 

 technique [ 1 ], Clinical evaluation at pre-op, 
post-op and each follow-up visit included JOA 
scoring, neurological evaluation, AP and lateral 
Xrays with bending fi lms. At 2 years follow-up a 
CT scan evaluation of the fusion was performed 
to evaluate the fusion quality and the resorption 
of the cage and X rays at 4 and 6 years. 

 Preoperatively templates were used to deter-
mine the right size of the implant, and the cages 
were softly introduced in the disc space. Further 
insertion was carefully performed with a polyeth-
ylene bone impactor. Doing so, the implants were 
located at the center of the disc, ensuring verte-
bral end-plates parallelism, which was confi rmed 
via peri-operative radiographic controls. All the 
patients were stabilized by an anterior titanium 
plate fi xed by four screws and locking mecha-
nism (Zephyr plate, Medtronic, Memphis, USA). 

 Verticalization was allowed the day after sur-
gery, with no particular care except a soft collar, 
further maintained during 10 days. A 24 h post-
operative radiographic control was performed. 
Data were collected from a homogenous consec-
utive series of patients, operated between 2004 
and 2005. The same surgeon assumed reviews 1, 
3 and 6, 12 months and each year after surgery, 
then at latest follow-up. 

 For each of the patients, we have postopera-
tively evaluated the clinical benefi ts of surgery 
and possible sequels : dysphagia, radicular or 
cervical residual pain. Correction (disc height 
and kyphotic/lordotic deformation), displace-
ment and/or fracture of the implant, radiolucent 
line, dynamic mobility of the vertebrae (fl exion/
extension X-Rays) were radiologically assessed 
at each examination. The resorption of the mate-
rial was evaluated radiographically by an inde-
pendent radiologist in four stade: no resorption, 
partial resorption (inferior to 50 %); major 
resorption (more than 50 %); complete resorp-
tion. Finally, twenty patients got a CT evaluation 
of the fusion at 2 years follow up.  

    Results 

 Twenty patients included in the study were all 
followed at 2 years, mean age 48 years, average 
follow-up 28 months (Min 18/Max 47). The main 

  Fig. 17.1    Cervical Cage “Duosorb” ™ (SBM, Lourdes, 
France)       
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syndrome at fi rst examination was cervical pain 
(30 %), radicular syndrome (60 %), myelopathic 
syndrome (15 %). A single level fusion was per-
formed in all the patients. 

 From a clinical point of view, we observed one 
dysphagia. Improvement in initial pain syndrome 
was noted for 80 % of the patients. Radicular pain 
syndrome is present at latest follow-up for 15 % 
of the patients, as residual cervical syndrome is 
noted for 40 % of the patients. Complete disap-
pearance of pain occurred for 80 % of the patients 
who initially presented radicular syndrome and 
for 50 % of the patients who presented preopera-
tive cervical pain. 

 Radiological fi ndings evidenced that 95 % 
of the patients conserved initial correction, with 
neither measurable (<1 mm) loss of disc height 
nor kyphotic lordotic evolution of the curve. 
One patient showed impaction of the implant 
inside the lower vertebra with a 3 mm loss of 
disc height. In 100 % of our observations, no 
measurable (<1 mm) implant displacement was 
observed at latest follow-up. Flexion/extension 
X-ray showed no mobility of the grafted level(s) 
for all the patients, for whom fusion was consid-
ered to be acquired. A moderate radiolucent dark 
line was observed in two of our observation in 
contact with one vertebral end plates. Its thick-
ness decreased over time, and becomes invisible 
at 6 months and at latest follow-up. No visible 
signs of implant resorption was noticed using 
routine x rays at 6 months follow up. 

 No cyst or lysis where detected on CT scan 
analyzis. The quantity of new bone formation at 
the cage level was evaluated as 62.6 % (12.4 sd) 
of the volume of the cage at 2 years. No infection, 
no neurological complications were reported.  

    Discussion 

 In animal studies histological examinations 
indicated clearly that pure PLLA implants were 
systematically surrounded by a layer of conjunc-
tival tissue containing large numbers of macro-
phages, irrespective of the length of implantation, 
whereas bone tissue grew in direct contact with 
composite implants during the fi rst few months 
and matured gradually until the end of the study 

period with no marked macrophage activation. 
The composite material under investigation is 
thus more favorable for bone consolidation  in 
vivo  than pure PLA and has identical proper-
ties to those of pure b-TCP ceramics. This result 
is not particularly surprising if we consider the 
properties of the materials in the composite sepa-
rately. We know that pure lactic acid-based poly-
mers are not cytotoxic or infl ammatory  in vitro  
[ 4 ,  8 ,  24 ,  26 – 30 ] but are capable of causing an 
infl ammatory reaction  in vivo  [ 4 ,  8 ,  26 ,  30 – 33 ], 
as confi rmed by clinical observations [ 10 ,  18 ,  19 , 
 34 – 36 ]. Pure b-TCP, on the contrary, promotes 
bone healing by osteoconduction, becoming 
surrounded by healthy bone tissue containing 
active osteogenous cells, with no intermediate 
fi brous layer. It is, thus, conceivable that com-
posite materials such as those we studied have a 
“hybrid” biological behavior that becomes closer 
to that of pure tricalcium phosphate as the min-
eral content increases. 

 This clinical series showed that fusion 
occurred within regular time period. No infl am-
matory reaction was noted confi rming in vivo 
study. Radiolucent line in two cases disappeared 
quickly which might the sign of progressive bone 
healing process around the implant. No loss of 
disc height was noted at latest follow up assess-
ing the good behaviour of the implant when an 
anterior plating is performed. This preliminary 
results needs further studies to confi rm strength 
retention properties of the implant and its resorp-
tion rate over time. We haven’t observed radio-
logical resorption of the cage during the time of 
the study despite signifi cant resorption was seen 
in animal study. This could be attributed to the 
neutralization effect of the anterior plate decreas-
ing the stresses applied on the cage. Since no loss 
of correction was observed we can admit that 
the mechanical properties of the cage was main-
tained during this period otherwise screw mobili-
zation would probably have appeared.  

    Conclusion 

 This new composite material eliminates the 
infl ammation reaction induced by the use of 
PLA alone and promotes new bone formation. 
The ceramic block guarantees the mainte-
nance of the disc height and its slow  resorption 
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allows long term fusion and stability. At the 
end this combination provides the same results 
as tri- cortical iliac crest graft without the dis-
advantages of the bone harvesting site. Further 
clinical studies are requested to confi rm these 
results.     
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Shape Memory Alloys and Their 
Medical Applications

Kerong Dai and Congqin Ning

Shape memory alloys (SMA) are a kind of metal-
lic materials with the characteristics of returning 
to the previously defined shapes when subjected 
to some appropriate thermal procedure. Just 
because of its particular functional properties, 
especially the shape memory effect (SME) and 
superelasticity (SE), shape memory alloys have 
attracted wide attention. It was Chang and Read 
who first observed the unique memory effect of 
shape memory alloys in Au 47.5 at % Cd alloy 
early in 1951 [1]. But it was not until 1963 when 
Buehler and his co-workers [2] rediscovered the 
SME in equiatomic Ni-Ti that SMAs actually 
began to cause a great deal of commercial inter-
est, especially after they were widely put into use 
in the field of medicine [3–5]. Although quite a 
number of alloys are known to show shape mem-
ory behavior, only those that could generate sub-
stantial amounts of strain or could generate 

significant force upon the changing shape so as to 
make it recover are of commercial value. In the 
medical field, the family of Ni-Ti alloys is the 
most popular one that gets wide clinical 
application, owing to its good biocompatibility, 
substantial resistance to corrosion and fatigue, 
and the fact that its elastic modulus is quite close 
to that of human bone. In some cases, Ni or Ti 
(only a few per cent) in Ni-Ti alloys can be 
partially replaced by Cu, Co, Fe, Nb, or Mo to 
improve the hysteresis (stress and/or temperature 
hysteresis), corrosion behavior, control of 
transformation temperatures, fatigue behavior, 
etc. [6].

 Martensitic Transformation

The functional properties of shape memory alloys 
are closely related to a solid-solid phase transfor-
mation named Martensitic transformation. For 
many metallic materials, as their cooling speed 
reaches a certain extent, they will undergo a 
phase transformation in their crystal structure 
while cooled from a high temperature form 
(Austenite) to a low temperature form 
(Martensite). This procedure is known as 
Martensitic transformation, which is a nondif-
fusion phase transformation. The transforma-
tion from Martensite to Austenite upon heating 
is known as the reverse transformation. The 
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characteristic transformation temperatures are 
defined as follows [7]:

Ms Temperature: The temperature at which a 
shape memory alloy starts transforming to 
Martensite upon cooling.

Mp Temperature: The temperature at which a 
shape memory alloy is about 50 % trans-
formed to Martensite upon cooling.

Mf Temperature: The temperature at which a 
shape memory alloy finishes transforming to 
Martensite upon cooling.

As Temperature: The temperature at which a 
shape memory alloy starts transforming to 
Austenite upon heating.

Ap Temperature: The temperature at which a 
shape memory alloy is about 50 % trans-
formed to Austenite upon heating.

Af Temperature: The temperature at which a 
shape memory alloy finishes transforming to 
Austenite upon heating.

Transformation temperatures of the SMA can 
be adjusted by slightly changing the alloy composi-
tions or by thermo-mechanical treatment. Usually, 
the illustration of the Martensitic transformation 
and its reverse transformation is shown as Fig. 18.1.

According to its characteristics, Martensite 
transformation can be classified into two types- 
thermoelastic Martensite transformation and 
non-thermoelastic Martensite transformation. 
What distinguishes shape memory alloys from 

conventional materials is their ability to form ther-
moelastic Martensite. During the process of ther-
moelastic Martensite transformation, while below 
the transformation temperature, the deformation 
of the shape memory alloy is caused by simply 
adjusting the orientation of the crystal structure 
through the movement of twin boundaries (a twin-
ning mechanism), instead of slipping and disloca-
tion movement. In other words, the shape change 
resulting from Martensitic transformation can be 
accommodated by a crystal lattice distortion, and 
the boundary between Martensite and the parent 
phase can be driven by slight changes of the tem-
perature or stress. That is to say, thermoelastic 
Martensite is completely crystallographically 
reversible. Whereas on the contrary, the growth 
rate of the non-thermoelastic Martensite is so 
quick because of the larger driving force from 
Martensite transformation that the boundary 
between Martensite and the parent phase is 
destroyed during the transformation, which results 
in an irreversible parent- Martensite boundary.

The Martensite transformation occurs not at a 
single temperature but within a range of tempera-
tures (as shown in Fig. 18.1), which varies 
according to different alloy composition and 
microstructure constitution, the latter being 
determined mainly by the thermomechanical 
treatments. Since the phase transformation 
temperatures during heating and cooling do not 
overlap, a temperature hysteresis appears, which 
also varies according to different alloy systems. 
This temperature hysteresis is generally 
illustrated as the difference between Af and Ms 
(i.e., ΔT = Af−Ms) or the difference between Ap 
and Mp (i.e., ΔT = Ap−Mp).

 Functional Properties

 Shape Memory Effect

Usually, under external forces, a common 
metallic material deforms elastically first, then 
plastic deformation occurs after its yield point, 
and finally, even if the force is removed, the  
permanent deformation will be reserved. But 
for some other alloys, even when a plastic 
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Fig. 18.1 Schematic representation of the volume trans-
formed as a function of the temperature
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deformation occurs, they can still return to their 
original shapes after being heated up to a certain 
temperature. Such a shape recovery phenomenon 
is called the Shape Memory Effect (SME), which 
is due to the Martensitic transformation in these 
alloys. When an alloy with a given shape cools 
from the Austenite form to the Martensite form, 
it is easily deformed to a new shape (the restric-
tion is that the deformations must not exceed a 
certain level), but if the same alloy is heated up to 
its transformation temperature, it will recover its 
previous shape due to the reversible reverse 
transformation.

After being deformed, Martensite can 
recover its parent shape via reverse transforma-
tion. This effect is called the one-way memory 
effect (Fig. 18.2a). After given proper training, 
some alloys can memorize to return to not only 
the parent shape during heating, but also the 
deformed Martensite shape during re-cooling. 
This effect is called the two-way memory 
effect (Fig. 18.2b). The latter can be obtained 
only after a specific thermomechanical treat-
ment, which is usually called “training”. The 
amount of shape change that can be obtained 
by the two-way memory effect is always sig-
nificantly less than that by the one-way mem-
ory effect.

Generally, the shape memory effect can be 
expressed by the shape recovery ratio (i.e., η). If 
the initial shape of the alloy in Austenite form is 
l0 (expressed as length), the shape of deformed 
Martensite (e.g., tension) is l1, and the shape after 

reverse transformation at high temperature is l2, 
the η can be expressed as [8].

 h % / %( ) = ( ) ( )´- -l l l l1 2 1 0 100  

 Superelasticity

Superelasticity, as the name implies, refers to a 
phenomenon that the alloy can exhibit strain far 
beyond its elastic limit upon loading, whereas 
once the stress is removed, the original strain will 
be returned completely. According to the charac-
teristics of the stress–strain curves, the superelas-
ticity can be classified into two types: linear and 
non-linear superelasticity. The latter is caused by a 
stress that occurs during a loading and unloading 
process, which leads to Martensitic transformation 
and its reverse transformation at a temperature 
range above Af. The former is probably related to 
the contribution of microtwins to the deformation. 
The two kinds of superelastic behavior are shown 
in Fig. 18.3. As for the non- linear superelasticity, 
when the stress reaches a critical level, the alloy 
will start to transform into Martensite, accompa-
nied by an increasing strain at constant stress until 
the alloy is fully transformed into Martensite (see 
Segment A–B in Fig. 18.3). When the stress is 
removed, the reverse transformation will occur at a 
lower stress level (see Segment C–D in Fig. 18.3). 
The SME described above depends on tempera-
ture changes. In contrast, the superelastic effect of 
shape memory alloys is a kind of isothermal 

Deforming
T1(<Mf)

T1(<Mf)

T1(<Mf)

T2(>Af)

Deforming

Heating Heating

Heating Heating

One-way Two-way

Cooling
Cooling

a bFig. 18.2 Schematic 
representation of one-way 
(a) and two-way (b) memory 
effects
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 phenomenon and the temperature changes are not 
necessary. The critical stresses can be adjusted by 
alloy composition, treatment and temperature. In 
general, the stress levels increase linearly with 
increasing temperatures [6]. Reversible strain 
obtained by the superelastic effect is always up to 
8 %, which is 10–20 times higher than the normal 
elastic strain of conventional metallic materials. 
As shown in Fig. 18.3, the stress upon loading and 
unloading does not overlap and shows a hysteresis 
as well.

 High Damping Capacity

The shape memory alloys have a high damping 
capacity in the Martensite state or two-phase 
state. The high damping capacity of SMA is 
related to the hysteretic movement on interfaces 
(Martensite variants interfaces, twin planes, par-
ent-Martensite interfaces) whereas a contribution 
of dislocations is not excluded [5].

 Applications

Shape memory alloys have now been widely used 
in many fields of industry such as fasteners, 
actuators, satellite antenna, and decorations, etc. 
This chapter only introduces several examples of 
shape memory alloy products applied in medical 
fields.

 Application of the Shape Memory 
Effect

 Free Recovery
This refers to the memory effect that after an 
SMA component is deformed in the Martensitic 
state, the component can recover its previous 
shape upon heating without any restrictions. A 
prime application of this kind of SME is the 
blood-clot filter developed by Simon [9]. It is 
made from Ni-Ti wire. After being chilled to 
make it collapse, the filter is inserted into the 
vein, and the temperature of body heat is high 
enough to help it return to its previous functional 
shape, enabling it to anchor itself in a vein and 
catch passing clots.

 Constrained Recovery
If a deformed shape memory alloy or its com-
ponents is subjected to an external constraint 
during the heating process, it will induce a 
recovery force, which is a function of the tem-
perature, and varies with the constraint strain. 
The larger the constraint strain becomes, the 
greater the recovery force will be. This recov-
ery force can be used for the purpose of clamp-
ing, fixation, or stiffening. In biomedical fields, 
there are many such products: dental root 
implants, stents, and fixators for bone fractures. 
The shape memory compression staple will be 
described as an example here: the staple was 
designed by Dai and it is the first SMA device 
used inside the human body [10, 11]. It is 
U-shaped, having two straight legs connected 
by a transverse wave-like segment with angles 
of 70° (Fig. 18.4a). At low temperature, i.e., 
below 4 °C, the wavy segment is expanded to 
increase the length. At the same time, the 
included angles are expanded from 70 to 90° to 
elongate the span between the ends of the legs 
(Fig. 18.4b). After the fracture is reduced, the 
expanded staple is placed across the fracture 
line by inserting the two legs into the holes pre-
pared in the proximal and distal fracture frag-
ments respectively. When the local temperature 
is raised by hot compresses with hot saline 
gauze, the staple(s) will tend to restore its origi-
nal shape but at the same time being constrained 
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Fig. 18.3 Two kinds of superelastic behavior at constant 
temperature
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by the walls of the holes so that they will gener-
ate a constrained recovery force on both side of 
the fracture line to hold the fracture fragments 
in place, exerting sustained compression on the 
fracture and resisting muscular pull (Figs. 18.4c, 
d and 18.5). The compression force will be sig-
nificantly decreased if the distance between the 
two holes is not wide enough.

The embracing fixator is made of Ni-Ti 
Shape memory saw-tooth arm finator (Fig. 18.6) 
has also been used clinically to treat fractures of 
the shaft of the femur, humerus, tibia, and other 
long bones, and is particularly good for the fixa-
tion of periprosthetic fractures of the femur 
(Fig. 18.7) [12–14]. Its strength is adequate to 
meet the requirements for internal fixation of a 

long bone shaft, and the elastic modulus at 
37 °C is only 54.18 Gpa (200 Gpa for 316 L 
stainless steel), means it have a rather low 
stress-shielding rate. In vitro mechanical analy-
ses and in vivo animal experiments have been 
done to evaluate the embracing fixator. In vitro 
experiments found that the difference in bend-
ing strength of the embracing fixator and the 
bone plate is not significant, but the compres-
sive stress-shielding rate of the embracing fix-
ator is markedly lower than that of the bone 
plate. While the torsion strength of the fixator is 
significantly higher than that of the intramedul-
lary nail, no harm is done to the medullary blood 
vessels. Torsion experiments showed that they 
yielding torsional moment of the fixator is 

a

c d

b

Fig. 18.4 (a) Schematic diagram of the shape memory 
compression staple. (b) The staple distracted at the wavy 
segment and the included angle are expanded from 70 to 
90 °C. (c) Patella fracture with a separated tendency. (d) 
After  fracture reduction and staple fixation, the staple can 
not restore to its original shape and a large recovery force 

is created at both sides of the fracture to fix the fracture 
against the distraction forces produced by the muscle and 
joint flexion. Arrows in each diagram indicate the stress 
direction, and in diagram (d) also indicate the magnitude 
of stress
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a

c

b

d

Fig. 18.5 A shape memory staple was use for the first time inside the human body. (a) Patellar fracture, preoperative. 
(b) Staple fixation, postoperative. (c, d) Recovery of function
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markedly higher than that of the intramedullary 
nail group, the ratio of the averages being 
6.85:1; but lower than that of the bone plate 
group, the ratio of the averages being 1:1.28, not 
much different. Animal experiments demon-
strated that when fixed with an embracing fix-
ator, the fracture shows satisfactory secondary 
union with the formation of a certain amount of 
outer callus. In addition, the disorganization of 
collagen fiber and the degree of bone resorption 
are lower than in the rigid bone plate group. Its 
shape memory effect make the placement of the 
fixator during operation quite simple and 
ensures the maintenance of sawtooth arms 
firmly embracing the fracture segment after 
surgery.

The inner diameter of the shape memory saw- 
tooth arm fixator, should be less than the outer 
diameter of the fracture bone in order to constrain 
the recovery of the fixator so that a reliable stabil-
ity of the fracture can be obtained.

Up to now, nickel-titanium shape memory 
alloy has been used for the manufacture of sev-
eral kinds of fracture fixators, scoliosis correc-
tion devices, prostheses for hip resurfacing, 

intervertebral prostheses, arteriobembolizators, 
dental root implants, and stents of hollow organs 
and vessels [3, 4].

 Superelastic Applications

Arch wires made of Ni-Ti for orthodontic 
correction have been used for many years, 
especially beneficial for the correction of tooth 
deformation.

 Self-Expanding Stent
The self-expanding stent is already widely used 
in the treatment of stenosis of certain hollow 
structures such as vessels, trachea-bronchus, 
urethra, biliary tract, esophagus, etc. Within the 
catheter, the compressed stent made of shape 
memory alloy is inserted into the duct by inter-
ventional techniques and is left in the stenosis 
area. In this way it will not only constantly 
expand the duct or vessel with its superelastic 
property or shape memory effect but it will 
also avoid the shifting of the self-expanding 
stent [3, 4].

a b

Fig. 18.6 Sawtooth-arm embracing fixator for treatment of fracture of long bone shaft. (a) Cylinder type and (b) Cone 
type used in mid and near end parts of the shaft respectively
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a

d e f

cb

Fig. 18.7 (a) Rheumatoid arthritis, bong ankylosis of hip 
and knee joint, with severe osteoporosis. (b, c) After total 
hip and total knee arthroplasty, sawtooth-arm embracing 
fixator was used in distal femur for preventing fracture. 

(d) 3 months after operation, fracture occurred at the 
proximal level of embracing fixator. (e, f) Fracture treated 
with a custom-made embracing fixator
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Biotribocorrosion of Implants

Magdalena Walczak and Mamie Sancy

Biotribocorrosion can be broadly defined as all 
the aspects of tribocorrosion, i.e. the degrada-
tion of surfaces by the combined effect of cor-
rosion and wear, related to biological systems. 
Whereas tribology alone, also known as friction-
corrosion, corrosion-wear, wear-corrosion or 
(micro) abrasion-corrosion, is concerned with 
the phenomena occurring at the interface of sur-
faces in mutual motion (friction, lubrication and 
wear), corrosion is the science and engineering 
of chemical and electrochemical reactions at the 
interface between a material and the environ-
ment it is exposed to. In the case of biotribocor-
rosion, the environment is necessarily that of a 
living organism or a combination of living organ-
isms (biofilm). Although all materials may suffer 
biotribocorrosion it is especially pronounced in 
case of metallic alloys due to the electrochemi-
cal nature of their interaction with aqueous media 
such as the interior of a human body. Both cor-
rosion and wear result in the weight loss over the 
exposed surface; however, the total weight loss 

of a tribosystem immersed in a corrosive envi-
ronment is larger than a simple sum of the losses 
caused by corrosion and wear alone.

In this chapter the principles of biotribocorro-
sion are presented and discussed for the specific 
case of alloys typically used in replacement of 
large joints. Since all the involved processes occur 
at the surface of the metal, first, the description 
of technical and natural surfaces is provided. The 
various interactions with environment and third 
bodies are then discussed, followed by a review 
of the methods of testing and mitigation of sur-
face damage applicable for medical implants.

 Interface Between Metal 
and a Biologic Environment

Both corrosion and wear are defined as detrimen-
tal processes of loss of mass through progressive 
removal of matter at the surface. Whereas corro-
sion is caused by (electro)chemical interactions 
with the environment, wear involves damage by 
localized mechanical forces. Surface properties 
are of special interest because they determine the 
way the material interacts with the environment, 
including corrosion resistance and wear durabil-
ity of the entire element. The physical surface 
that experiences tribocorrosion, such as that of an 
implant, can be represented as a general delin-
eation between the solid domain and the neigh-
boring phase, such as body liquid or bone tissue, 
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including a layer within which the properties of 
the solid differ from those of the bulk. The extent 
of this surface layer depends on the considered 
characteristics (geometric, energetic, chemical, 
physical or mechanical properties) as well as 
their gradients. Thickness of the surface layer is 
the dimension perpendicular to the geometrical 
surface of an object described by two boundar-
ies: (i) external, separating the surface layer from 
the surrounding environment (biological tissue), 
and (ii) internal, separating the surface layer from 
the bulk (implant). The actual thickness of sur-
face layer is difficult to determine experimen-
tally because the interface is not a geometrical 
surface; it resembles a thick woolen textile rather 
than silk.

The first feature of a real (technical) surface as 
compared with a perfect one shown in Fig. 19.1a 
is its roughness, i.e. deviation of surface nor-
mal from its nominal direction distributed over 
the surface as shown in Fig. 19.1b. The arith-

metic average of the absolute height (difference 
between peaks and valleys) is referred to as Ra, 
the most common measure of roughness. The per-
formance of a biotribological system relies on the 
roughness of involved surfaces due to its effect 
over both friction and wear. Whereas both quan-
tity and quality of surface roughness evolve while 
an articulation is active [1], corrosion processes 
of rough surfaces are generally enhanced due to 
larger effective surface area. Also, mechanical 
properties of fracture and fatigue are compro-
mised because surface imperfections contribute 
to the initiation and propagation of cracks. When 
the distance between peaks and valleys of a sur-
face is significantly longer than its height, the 
surface profile is said to be wavy and assigned 
a waviness parameter analogous with roughness. 
Although waviness is a valid surface characteris-
tic it is mostly irrelevant for biomedical implants 
where the general matching in topography of the 
involved surfaces is of interest.

a

c

b

Fig. 19.1 Schematic representation of a metallic surface: 
(a) ideal surface, (b) technical surface obtained by metal 
processing, (c) technical surface with oxide layer. The 

miscrostructure (grains) is typical for AISI 316 L stainless 
steel observed at 500 ×
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Another difference between the ideal and 
technical surfaces is the deformation of micro-
structure. Whereas the microstructure just under 
the ideal surface is identical with that of the 
bulk, technical surface is associated with a layer 
in which the microstructure is deformed. In the 
example shown in Fig. 19.1, the grains of the bulk 
steel are of regular shape, whereas technical sur-
face is terminated by a layer of deformed grains 
in which mechanical properties and electrochemi-
cal potentials may deviate from those of bulk val-
ues. The deformation results from manufacturing 
processes such as cutting, grinding or polishing 
typically employed in the fabrication of metallic 
implants. It may also arise as product of friction 
and wear. The microstructure of the subsurface 
layer has been discussed as crucial in the biomed-
ical applicability of CoCrMo alloys [2].

Further attribute of a technical surface is its 
interaction with the environment. Especially gas-
ses and liquids (electrolytes) tend to react with 
metallic surfaces producing adsorbed or passive 
layers. In the example of Fig. 19.1c a passive layer 
corresponding with metal oxides typically formed 
by intereaction with an aqueous environment is 
shown. This layer might be porous consisting in 
submicron- or nanocrystals or be a continuous film. 
The later efficiently separates the base metal from 
further interaction with the environment. It should 
be noted that biological environment of a living 
organism is not constant in time. The variation of 
temperature, chemical composition and condition 
of flow may affect the structure of the passive film. 
Also, mechanical properties of both the film as 
well as the bulk material might be compromised 
through the Rehbinder (or Rebinder) effect [3], 
which considers the role of adsorbed surface active 
molecules in the propagation of cracks.

The interface described above is further modi-
fied when the surface is set in motion, especially 
when both shear and normal forces are involved. 
In this case, the surface layer can be compromised 
and the elements of the environment –small mol-
ecules, debris particles, etc. – be included to the 
solid interface. Such a condition is referred to 
as tribolayer and is a commonplace in metal on 
metal hip replacements. It has been shown to be 
organometallic in nature and containing a number 

of embedded particles, which are smoother and 
smaller than the initial debris, e.g. [4]. The elec-
trochemical nature of the tribolayer, and thus its 
contribution to overall surface  degradation, also 
varies in function of the actual surface condition 
as shown on the example of CoCrMo alloys [5].

 Corrosion Damage of Implants

Unlike mechanical damage, damage through 
(electro)chemical interaction with the environ-
ment cannot be avoided by removing the pri-
mary cause. In case of metals the contribution 
of electrons is significant and the entire process, 
necessarily detrimental in nature, is referred to as 
corrosion.

Corrosion takes place at the interface with 
external medium and involves exchange of both 
charge and mass. The metal is said to be an 
anode when electrons are being extracted from 
it, whereas it becomes a cathode by accepting 
electrons. At the kinetic equilibrium, i.e. with 
no external source of current applied, the loss 
of electrons by a metal (anode) is essentially 
accompanied by loss of metal ions (metallic dis-
solution). On the other hand, the cathodic reac-
tion can involve electro-active species present in 
the environment, such as the oxygen reduction 
reaction in neutral and alkaline media as well as 
hydrogen ion reduction or hydrogen evolution 
ion of acid environments. In principle, metal ion 
reduction and metal deposition can be also take 
place on the surface [6]. Thus, corrosion can be 
viewed as a spontaneous process of returning 
metal to its mineral (oxidized) state, which is 
given by the laws of thermodynamics, in particu-
lar, expressed by free Gibbs energy (Eq. 19.1). 
Since, by definition, electrons are involved in the 
reaction, it is convenient to express the energy of 
each ion in terms of electric potential (Eq. 19.2):
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(19.1)

 D DG zF E= -  (19.2)

where ΔG, ∆G⊗,  R, T, ai, vi, z, F and ΔE are 
the free Gibbs energy, free Gibbs energy at 
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standard conditions, gas constant, temperature, 
activity coefficient of species i, stoichiometric 
coefficient of species i, charge number, Faraday 
constant and the electric potential, respectively. 
Although the free Gibbs energy associated with 
an electrochemical reaction is determinant for 
its occurrence, in practice, it is the rate of the 
reaction rather than shear energy differences that 
determine the feasibility of a metal for particular 
environment. In practice, thermodynamics pre-
dicts the likelihood of corrosion process, which 
can be determined by the corrosion potential 
(Ecorr) using electrochemical techniques such as 
the variation of potential as a function of immer-
sion time with no current applied, i.e. at open 
circuit potential (OCP). However, it does not 
provide information about corrosion rate [7]. In 
general, an electrochemical system is given by 
the Butler-Volmer equation, which corresponds 
to a relationship between the potential and cur-
rent, as is shown in the Eq. 19.3
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where j, jo, α, and η are current density, exchange 
current density, symmetry factor and overpoten-
tial, respectively. Figure 19.2 shows the behav-
ior predicted by Eq. 19.3. The solid curve shows 
the actual total current for a large overpotential, 
which is the sum of the cathodic (jc) and anodic 
(ja) current densities. For large negative overpo-
tentials, the anodic component is negligible and 
the total current is essentially cathodic current. 
On the other hand, at large positive overpoten-
tials, the cathodic component is negligible and 
the total current is essentially anodic. In practice, 
the corrosion process occurs when total current 
is zero. A typical polarization diagram of an 
implant metal (316L, Co-alloy or Ti-alloy) is 
shown schematically in Fig. 19.2.

Stability of the passive layer is a valid concern 
because corrosion resistance of the majority of 
implant alloys relies on the formation of a pas-
sive layer on the surface that provide an effective 
barrier to electron and ion transport, playing a 

very important role in the long-term clinical suc-
cess of implants. However, a depassivation pro-
cess can also take place producing increase in the 
corrosion rate. In particular, in crevices or other 
types of occluded such as local environments due 
to cell activity, where local pH changes due to 
chemical reactions may also occur [8].

The fraction of the stable and unstable oxide 
species determines the overall stability and disso-
lution behavior of the passive film. For instance, 
the presence of TiO2 on the surface of CP-Ti pro-
vides the resistance to activation upon acidifica-
tion. However, all aluminum oxides are soluble 
in acidic solution so that Al-containing Ti-alloys 
are less corrosion resistant.

The composition of the oxide film formed in air 
usually differs from that of a passive film formed 
in a solution. This fact is used in improving cor-
rosion resistance by growing the passive layer of 
desired composition (see later discussion).

The greatest concern for clinical praxis (apart 
from biomechanical compatibility) is the release of 
metal ions and corrosion products that may cause 
inflammation, allergic reactions and other not 
desired effects. Although corrosion is mostly asso-
ciated with materials damage and high corrosion 
resistance is generally aspired, corrosion-related 
degradation can also be exploited. An example 
are biodegradable Mg-alloys which are currently 
evaluated for biomedical applications [8].

Fig. 19.2 Schematic current density versus potential 
curve of an electrochemical system
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The typical materials used for surgical 
implants are 316L stainless steels, CoCr alloys, 
CoCrMo alloys, commercially pure Ti (CP-
Ti) and Ti-based alloys. The 316L, CoCr and 
CoCrMo alloys have an elastic modulus close 
to 200 GPa, which is much higher than that of 
compact bone tissue being in the range from 2 
to 30 GPa [9–11]. On the other hand, CP-Ti and 
Ti-based alloys have been readily employed due 
to their lower elastic modulus, lower density, 
good biocompatibility and, above all, corro-
sion resistance [9–11]. The excellent corrosion 
resistance that CP-Ti and Ti-alloys demonstrate 
in a variety of media is attributed to the passive 
behavior associated with formation of Ti-oxide 
on the surface and owed to their thermodynamic 
properties described by Eq. 19.1. However, the 
passive layer might be compromised by depas-
sivation which immediately results in increase of 
the corrosion rate. Should this occur within the 
human body, local changes of pH due to hydro-
lysis of metal ions may result in inflammation 
of the nearby tissues. One of the most common 
causes of depassivation in absence of motion is 
the formation of crevices or other, areas of dif-
ferential aeration. Crevice corrosion of Ti-alloy 
implant might be associated with cementation 
and the local changes of pH along the corroded 

stem were suggested to induce aseptic loosen-
ing [9]. It should be noted that the Ti-alloys of 
first generation implants employed Al, V, Ni and 
Co as alloying elements in order to improve the 
mechanical properties. However, corrosion of the 
alloys can also produce metallic dissolution of 
the alloying elements, which can cause an unde-
sirable toxic effect in the human body. The alloys 
of the second generation were developed to con-
tain only the least toxic elements [9, 11–18], 
although the TiAlV and TiAlNb are still used. 
In general, these alloys have demonstrated high 
corrosion resistance in different media, such as 
artificial saliva (Ringer’s solution) or physiologi-
cal saline solution (0.9 % NaCl) [19, 20].

 Wear Damage of Implants

The phenomena occurring between two surfaces 
in relative motion are the domain of tribology and 
can be roughly classified as friction, lubrication 
or wear. Whereas friction is the force resisting 
the motion, lubrication and wear affect friction by 
preservation and destruction of the surface layer, 
respectively. The individual processes can be of 
mechanical, thermal and physiochemical type or 
their combinations as summarized in Fig. 19.3. In 

Fig. 19.3 Processes that may take place in surface layer when in relative motion aganist a counter surface
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a medical implant under normal conditions of use 
the following processes are of little importance:

• Temperature gradients,– although local gen-
eration of heat is unavoidable and has been 
shown to produce temperatures above 46°C 
[21] possibly leading to apoptosis of osteo-
blasts [22], these temperatures are unlikely to 
affect other processes through gradients;

• Surface melting,– the melting temperature 
of all the biomedical alloys is above 1000°C, 
which is unlikely to be reached;

• Evaporation,– evaporation would require even 
higher temperatures and/or lower pressures, 
which are unexpected within human body;

• Contact welding,– this process requires local-
ized temperatures and/or high pressures, 
which are impossibly reached through friction 
of an articulation.

The intensity of all the remaining processes is 
lower than that observed during manufacturing, 
where surface is removed intentionally; however 
unlike manufacturing there is a high degree of 
inhomogeneity associated with their spatial dis-
tribution, thus local concentration of forces may 
indeed lead to catastrophic effects. A review of 
all the mechanisms with regard to natural and 
artificial joints can be found in Ref. [23], whereas 
here only the primary concepts, necessary for 
introducing the corrosion enhanced damage, are 
mentioned.

 Friction and Lubrication

Friction being the force resisting motion of two 
bodies in contact is a straightforward conse-
quence of the tribological contact. Depending 
on the presence of a liquid between the surfaces 
and the extent of the normal force dry friction, 
lubricated friction and mixed friction can be dis-
tinguished. Of course, dry friction is not expected 
in a functioning articulation but might be the case 
in adverse conditions of disease when too little 
of the synovial fluid is provided as well as under 
high loads. The dissipation of energy between 
sliding bodies have been known for centuries and 

the classic work of Da Vinci and Amonton pro-
vided the four basic laws: (i) there is a propor-
tionality between the maximum tangential force 
before sliding and the normal force when a static 
body is subjected to increasing tangential load; 
(ii) the tangential friction force is proportional 
to the normal force in sliding; (iii) friction force 
is independent of the apparent contact area; (iv) 
friction force is independent of the sliding speed.

The quantity of friction is determined as pro-
portion between the force of friction and the 
force acting normal the sliding interface. The 
proportion is the coefficient of friction and it is 
said to be static (μs) when the force of friction 
is measured just before sliding begins or kinetic 
(μk) when the force of friction is measured dur-
ing sliding. Although the definition is simple and 
straightforward for sliding in one direction, the 
complex geometry of natural joints requires tak-
ing into account 3-axis cyclic forces acting along 
with 3-axis cyclic frictional moments [24–26].

The friction coefficient in natural joints varies 
between 0.001 and 0.03 [25] depending on the 
actual loading conditions and type of lubrica-
tion. Artificial joints can fairly reproduce these 
values [26], however at compromised lubrication 
conditions the increase of friction might lead to 
considerable wear [27–30]. Association of fric-
tion coefficient with squeaking in ceramic- on- 
ceramic couplings have also been reported [28].

The actual thickness of the lubrication film 
during motion is predicted by a hydrodynamic 
theory which takes into account the effect of nor-
mal force acting on the element. In addition, vis-
cosity of the lubricant changes in these dynamic 
conditions making the prediction of friction 
coefficient a matter of elastohydrodynamic lubri-
cation theory (EHL). In healthy natural articula-
tions tens of microns of synovial fluid separates 
the opposing surfaces and the predominant type 
of friction is lubricated friction. Only in extreme 
cases of overload boundary friction may occur, 
however, it is typically of short duration and 
causes no damage. A similar situation has been 
reported for artificial joints, where high friction 
coefficients typically associated with dry friction 
have been found in-vivo [29]. The thickness of 
lubricating film has been shown to be sensitive to 
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the load to a greater extent than predicted by the 
EHL models [30].

It should be noted, that low friction is typi-
cally sought after for the moving surfaces of 
artificial joints but large friction is also desired 
for the surfaces that are not supposed to move 
respectively, e.g. interface between an implant 
and bone or implant and bone cement. Low 
amplitude motion at these surfaces leads to a 
tribological damage referred to as fretting corro-
sion. The damage itself results from destruction 
of the passive oxide layer that brings enhanced 
corrosion through direct exposure of the metallic 
surface to a corrosive environment. In addition, 
particles of polymer and metal oxide form debris 
that my further accelerate the process. Evolution 
of fretting damage in a stainless steel/PMMA 
couple at different electrochemical potential has 
been shown to be accompanied by the increase 
of friction coefficient [27]. The root cause of 
fretting might be related with the micro- damage 
that bone tissue experiences under cyclic com-
pressive loads associated with physical activities 
[31], although the cement itself is typically more 
at risk of fatigue failure than bone [32].

 Wear

All bodies subject to friction are susceptible to 
wear, including the natural healthy articulation, 

where the loss of mass is quickly replenished 
and the products of wear, the debris, are resorbed 
by the body with no side-effect. This autoregu-
lation system is evidently missing in artificial 
joints and to provide an efficient method of pre-
vention and/or mitigation requires understand-
ing of the involved wear mechanisms. These 
mechanisms can be classified as abrasive, adhe-
sive and fatigue, according to ASTM terminol-
ogy [33].

Abrasive wear is due to hard particles or hard 
protuberances forced against and moving along a 
solid surface. Within this category it is commonly 
distinguished between the mode of three-body 
and the mode of two-body wear (Fig. 19.4). In the 
first case, the all the three elements: surface of the 
implant, counter surface and debris particles act 
in way that debris particles are allowed both to 
slide and roll. Whereas, although two-body wear 
also includes the three here the debris particles 
are only allowed to slide. The two-body case can 
also be thought of as debris particles fixed to the 
counter surfaces and thus mimicking its sliding 
motion. Due to limited distance between a typi-
cal sliding surface of and implant and the counter 
surface two-body wear mechanism is mostly the 
case; however, evidence of the three-body mech-
anism has also been reported [34].

Adhesive wear is due to localized bond-
ing between contacting solid surfaces leading 
to material transfer between the two surfaces or 

a

b

Fig. 19.4 Schematic representation of abrasive wear: (a) three-body mode of wear with debris particles sliding and 
rolling, (b) two-body mode of wear with debris particles allowed only to slide
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loss from either surface. Unlike abrasive wear, 
the material removed from the worn surface is 
transferred to the counter surface rather than to 
the medium, thus, no debris is formed. The mass 
transfer takes place from softer to the harder 
surface, example from polyethylene to CoCrMo 
[35], or between surfaces of the same hardness, 
example metal-on-metal [36] or ceramic- on- 
ceramic [37].

Fatigue wear is due to (micro)fracture arising 
from material fatigue. Repetitive loads, normal to 
the surface, that in no cycle exceed yield strength 
of the material, do cause cumulative microscopic 
damage that eventually sums up to a fracture. 
Because this damage is localized near surface, 
the cracks are generally parallel with surface 
resulting in flake-like debris rather that bulk 
failure associated with propagation of a vertical 
crack. Plastic deformation of surface layer as 
well as presence of the micro-scale cracks have 
been shown in HC CoCr femoral heads [38].

Independent of the actual damage mecha-
nism, the amount of wear experienced by the 
material can be quantified by Archards equation 
(Eq. 19.4) in terms of wear volume VW, i.e. loss of 
mass occurring under specific load L on a specific 
sliding distance S:

 
V k

LS

HW w=
 

(19.4)

where kw and H are dimensionless wear coef-
ficient and measure of hardness of the surface, 
respectively. The equation expresses the propor-
tionality of wear volume to the work done by 
friction forces and may have different variants 
depending on how volume and sliding distance 
are expressed. The wear volume is typically 
expressed in the units of volume, e.g. [mm3], or 
mass [g] determined for specified sliding path 
or number of cycles. It can be also normalized 
and expressed as wear rate, for instance [mm3/
year], or as a linear wear rate (depth of penetra-
tion), in [μm/year]. In case of adhesive wear, the 
coefficient kw can be interpreted as the proportion 
of asperity contacts resulting in wear, thus never 
exceeding the value of one. An example wear 
rate of CoCr MoM determined from retrieved 
implants is in the order of 5 μm/year [39]. Due to 

variability of the wear coefficient associated with 
the changing physiological conditions numeri-
cal prediction of implant wear is difficult even 
when complex geometry of the triboelement is 
accounted for [40].

A straightforward consequence of Eq. 19.4 
is that an optimum material for a biotribologi-
cal application must be both hard and produce 
low friction coefficient in the system. The use of 
material couplings of low friction coefficient has 
been introduced already in the beginnings of joint 
replacement technology; however, these tend 
to fail in the long run due to wear of the softer 
material.

 Corrosion and Wear Combined

A tribological element working in a corrosive 
environment inevitably experiences tribocorro-
sion. The term is sometimes restricted to situa-
tions when synergy between corrosion and wear 
damage takes place, i.e. the total degradation 
rate is larger (or less often smaller) than a simple 
sum of the two individual effects. Although the 
individual phenomena of corrosion and wear are 
relatively well described a detailed understand-
ing of tribocorrosion is still missing because of 
the experimental difficulties in following the 
multitude of simultaneously undergoing reac-
tions in which metastable products and reactants 
are often included. Tribocorrosive degradation 
affects a number of engineering systems like 
pumps, propellers, impellers, valves, mill liners 
etc. and is commonly described phenomenologi-
cally by the total material loss V expressed by 
Eq. 19.5:

 V V V SW C WC= + +  (19.5)

where VW, VC and SWC are the mass loss due to 
wear in the absence of corrosion, mass loss due 
to corrosion in the absence of wear and the syn-
ergistic interaction term, respectively. Guidelines 
for experimental determination of SWC are given 
by the ASTM standard [41].

The synergy between corrosion and wear (SWC) 
can be generally separated into wear enhanced 
corrosion, i.e. the increase of corrosion rate than 
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can be attributed to wear, and corrosion enhanced 
wear, i.e. the increase of wear that can be attrib-
uted to corrosion.

Wear enhanced corrosion is most pro-
nounced in the active-passive material. Since 
corrosion resistance of these materials relies on 
the presence of a thin passive layer (1–10 nm) 
any instance of its discontinuity results in an 
immediate onset of localized corrosion. Because 
all the wear mechanisms involve damage of the 
passive layer high current corrosion follow-
ing the Bulter-Volmer kinetics (Eq. 19.3) is the 
immediate consequence at the places where bare 
metal is exposed to the environment. This situa-
tion is depicted schematically in Fig. 19.5 as case 
“a”. Although the layer might recover relatively 
fast in the process of repassivation there exists a 
time in which the metal follows an accelerated 
corrosion kinetics prior establishing its steady-
state passive behavior depicted in Fig. 19.5 as 
case “c”. In case of CoCrMo alloys repassivation 
takes about 5 s in 0.9 % NaCl solution [42] and 
it seems to be much slower in case of Ti-alloys 
[43]. Both kinetics of oxide growth and mechani-
cal as well as topological properties of the debris 
present in lubricant both have an effect in this 
wear accelerated corrosion. In consequence, 

changing friction conditions during different 
stages of the walking cycle results in varying rate 
of corrosion [38]. Further, adsorption of organic 
molecules such as serum albumin may reduce 
the repassivation kinetics as shown for Ti-alloys 
[44], whereas osteoblastic cells seeded over 
Ti6Al4V alloy was shown to prevent damage to 
the passive film [45]. It should be noted that in 
absence of a passive film, the localized defor-
mation of asperities induced by wear may also 
accelerate the rate of corrosion. In this case, the 
shape of curve “a” in Fig. 19.5 would not change 
while wear damage progresses. Rather the entire 
curve would be shifted towards higher values of 
electric current.

In case of coated alloys, for instance CrN- 
coated stainless steel, the galvanic interaction 
between the different alloys may further contrib-
ute to corrosion-wear [46]. Galvanic interaction 
between the sliding/rolling surfaces may lead to 
increase of roughness and thus increase of fric-
tion. Also, the plastic deformation of coating 
resulting in micro-cracks or other coating defects 
may enable the galvanic coupling between the 
coating material and the substrate. An example 
of this mechanism is the blistering of TiN coated 
Ti-alloys [47].

Fig. 19.5 Schematic explanation of the effect of removing passive layer on the polarization curve of the metal. The 
letters indicate curves associated with particular instance during recovery of the passive layer after scratching
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Corrosion enhanced wear is the product of 
several alterations that corrosion may introduce 
to the triboelement. The most direct is the change 
of surface topology associated with dissolution 
and oxidation of the metallic surface. Since free 
corrosion (with no external potential applied) dis-
tributes anodic and cathodic processes over the 
same surface, inhomogeneity arises that in gen-
eral results in increased roughness, which in turn 
increases the coefficient of friction (Fig. 19.6). A 
related mechanism is that of localized modifica-
tion of material properties of the substrate that 
results in increased wear rate. The amount of 
corrosion enhanced wear can be determined by 
polarizing the metal cathodically, which disables 
the anodic dissolution by providing the elec-
trons externally. Using this method an example 
of 22–32 % contribution of corrosion to wear 
enhancement has been shown for a CoCrMo 
alloy [48].

Further, when the oxide formed by corro-
sion is much harder than the metal itself, there 
might be a significant acceleration of wear, even 
when sliding against a much softer counterface. 
The soft counterface can provide a resilient 
bed for abrasive particles of oxide, leading to 
rapid wear of the metallic surface through the 
two-body abrasion mechanism (Fig. 19.4b). An 
example of this corrosion-abrasion mechanism 
are the Ti-Al-V alloys experiencing rapid wear 

even in contact with a soft UHMWPE counter-
face [49].

In order to estimate apriori the rate of sur-
face degradation various mechanisms and com-
bination thereof must be taken into account. An 
example of such combined model considering 
mechanical wear by plastic deformation at asper-
ities, wear accelerated corrosion in addition to 
the hydrodynamic lubrication theory was shown 
to work for a CoCrMo sliding tribocorrosion con-
tact [50]. The contribution of wear enhanced cor-
rosion to the total material loss measured in a hip 
simulator for a CoCrMo MoM couple is about 
13 % [51]. However, the relative importance of 
different wear mechanisms may vary when the 
tribological conditions change.

One possibility of visualizing the interde-
pendence of tribocorrosion mechanism on the 
distinct environmental parameters is through 
mapping [52]. The idea of a tribocorrosion map, 
first introduced for technical problems and then 
adapted to biological systems [53], is that of rep-
resenting the intensity of material waste in func-
tion of two process parameters. The analogy with 
a topographic map is that the contour lines of the 
terrain (constant elevation over the sea level) are 
the analogy of constant rate of waste, whereas 
the spatial coordinates correspond with variables 
modifying the waste mechanism. The variables 
that are relevant to consider for biotribocorrosion 

Fig. 19.6 Schematic representation of the relationship between corrosion, surface roughness and the coefficient of 
friction
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are velocity of sliding, applied load as well as 
composition of the lubricating film [54].

In order to construct the map, the contribu-
tion of each variable to the total material loss 
(Eq. 19.5) must be determined separately. The 
total mass loss rate (K), hereafter considered in 
the normalized units of mass per area per time, 
i.e. kg · m−2s−1, is separated the individual contri-
butions considering the interactions between cor-
rosion and wear:

 K K K K KW C W C C W= + + +- -  (19.6)

where KW, KC, KW−C, KC−W are the mass loss rates 
due to wear only, corrosion only, wear enhanced 
corrosion and corrosion enhanced wear, respec-
tively. The experimental determination of each 
contribution relies on suppressing the contribu-

tion of one of the mechanisms. For instance, 
cathodic polarization of the metal surface (appli-
cation of potential negative with respect to the 
corrosion potential Ecorr) disables the anodic dis-
solution of the metal and thus prevents corrosion. 
With the mass loss rates determined experimen-
tally, two basic types of map can be constructed.

Intensity map, where each contour line cor-
responds with a constant mass loss rate. The 
regions of high, medium and low wastage can 
be defined arbitrary, depending on the utility of 
the map. In the example shown in Fig. 19.7a, the 
regimes of mass loss rate are the following:

Low: K £ -10 7  [g · cm−2min−1]
Medium: 10 20 107 7- -< £ ´K  [g · cm−2min−1]
High: 20 10 7´ <- K  [g · cm−2min−1]
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Fig. 19.7 An example of tribocorrosion map obtained by 
micro-abrasion of flat CoCrMo alloy sliding against a 
rotating UHMWPE ball in an FCS solution: (a) intensity 
view, and (b) mechanistic view. (Adapted from K. Sadiq, 

M. M. Stack, and R. a. Black, “Wear mapping of CoCrMo 
alloy in simulated bio-tribocorrosion conditions of a hip 
prosthesis bearing in calf serum solution,” Mater. Sci. 
Eng. C, vol. 49, pp. 452–462, 2015, with permission.)
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Mechanistic map, where each contour line 
correspond with transition from one dominant 
corrosion-wear mechanism to another. In the 
example shown in Fig. 19.7b, the following 
regimes were defined:

Micro-abrasion dominated:
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In this example, the term wear was replaced 
with a more specific term abrasion and the term 
corrosion was replaced with passivation which 
is the specific corrosive mechanism interacting 
with abrasion.

Although mapping corrosion-wear makes 
a significant contribution to understanding the 
dynamic changes between the dominating mech-
anisms, comparison of literature data on rates 
of mass loss is difficult because loading and 
kinematic conditions are taken from different 
sources or do no necessary correspond with those 
of a real articulation in motion. The limitations 
underline the difficulty of a realistic theoretical 
description of the hip implant tribological behav-
ior, increased by the complex model solution.

 Clinical Implications 
of Biotribocorrosion

All the possible adverse effects of tribocorrosion 
on the functioning of the biological system can 
attributed to the very processes associated with 
a working triboelement (Fig. 19.3). Although 
the wear rate of most implant bearings is fairly 
low as compared with technical systems, the 
amount of metal and other  tribocorrosion 

 products released to the body can be consider-
able and the side effects associated with wear 
debris are considered a limiting factor in intro-
ducing MoM bearings in disc arthroplasty 
[55]. Although, the wear volume alone is often 
insufficient as an indicator of potential danger 
because biological reactions may also be sensi-
tive to the number, size as well as size distribu-
tion of the wear debris. For instance, nanoscale 
metallic particles are less likely to produce a 
reaction than less numerous but larger particles 
of polyethylene.

Due to complex nature of the processes taking 
place in a functioning articulation, no integrated 
model of the effect of tribocorrosion is yet avail-
able. From the mechanistic point of view, the 
adverse reactions can be attributed to either wear 
enhanced corrosion (including corrosion alone) 
and/or corrosion enhanced wear (including wear 
alone). In the first case, the effects are analogous 
with the previously described effects of corrosion 
alone. In the second case, the root cause of unde-
sired reactions is the presence of debris. Motion 
of debris particles can be described by  employing 
the EHL theory of lubrication as shown for an 
artificial hip joint [56]. However, the particles 
do not necessary remain encapsulated and may 
affect other organs.

The adverse effects attributed to tribocorro-
sion debris where shown to include:

• Increased levels of metal ions in blood due to 
further corrosion of the metallic debris. Just 
like in case of corrosion alone, these metal 
ions may be distributed and accumulated in 
various organs. The accumulation might also 
take place for metallic particles, for instance 
in the para-aortic lymph nodes, the liver and 
spleen leading to granulomas [57].

• Hypersensitivity reaction, which may be 
immediate, e.g. [58], or delayed, e.g. [59], and 
which used to be associated with aseptic lym-
phocytic vasculitis-associated lesions [59].

• Pseudotumors, soft-tissue mass associated 
with the implant neither, however mostly 
resulting in pain [60]. The prevalence of pseu-
dotumors does not necessarily correlate with 
elevated metal ion levels after MoM [61].
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• Osteolysis resulting from the biological reac-
tion to wear debris [62, 63].

• Lymphocyte proliferation due to contact with 
nanoparticle debris [64].

• Aseptic loosening due to adverse response to 
wear debris, e.g. [29, 57].

• Mechanical fracture of the implant due to sur-
face generated cracks, e.g. [65].

• Infection due to interference of wear debris 
with the immune system and or inhibition or 
acceleration of bacterial growth [66].

The collection of variety of symptoms includ-
ing inflammatory masses (pseudo-tumor), fluid 
collections, localized soft tissue necrosis, and 
histological evidence of a dense lymphocytic 
chronic inflammatory infiltrate is often referred to 
as adverse local tissue response (ALTR) and has 
been identified as one of the four failure modes in 
modular femoral stems by the review of Esposito 
et al. [67]. However, the local tissue reaction is 
generally mild and the effect of continued ele-
vated levels of metal ions not known [57].

It should be kept in mind that the tissue reac-
tion around implant surface is multifactorial in 
nature, whereas the parameters associated with 
functioning of the triboelement are not neces-
sarily the most important. Factors like individual 
patient immunoreactivity [68] or even gender [69] 
should also be taken into account for  predicting 

the long term outcome of a arthroplasty because 
the correlation between the necessity of revi-
sion, metal release, and material category is not 
straightforward [70–72].

 Methods of Testing

Tribocorrosion of biological systems is difficult 
to test due to complexity of surface structure and 
large number of the involved processes. The most 
accurate prediction of triboelement performance 
is obtained from testing the element itself; how-
ever, laboratory testing is unavoidable for the 
obvious reason of limiting experiments on living 
organisms.

Due to the corrosion and wear synergy, 
experimental separation as well as combination 
of corrosion and wear is necessary in order to 
determine how each system parameter affects the 
tribological performance. A typical sequence of 
testing goes from laboratory, through simulated 
joints to in-vivo test, whereas the complexity of 
testing conditions increases. In general, when a 
new material is developed it should first meet 
certain standard in a corrosion test before being 
considered for tribological testing.

The summary of the testing methods is shown 
in Table 19.1 gives the overview of applicabil-
ity with respect to the mechanism considered 

Table 19.1 Summary of testing methodologies for mechanistic studies of tribocorrosion of biomedical systems

Corrosion
Wear-enhanced 
corrosion Wear Corrosion- enhanced wear Total tribocorrosion

Laboratory Electrochemical 
testing
Weight-loss 
testing

Additional 
corrosion current 
caused by 
sliding/abrasion

Wear test 
under 
cathodic 
polarization

Wear test under anodic 
polarization
Difference between total 
weight-loss and data for 
corrosion, wear and 
wear- enhanced corrosion

Total weight-loss

Joint 
similator

Not applicable Additional 
corrosion current 
when in motion

Weight-loss 
under 
cathodic 
polarization

Wear test under anodic 
polarization
Difference between total 
weight-loss and data for 
corrosion, wear and 
wear- enhanced corrosion

Total weight-loss

In-vivo Not applicable Not applicable Not 
applicable

Not applicable Testing retrieved 
implants
Imaging techniques 
of implants in use
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and type of test. In the following, each method is 
explained briefly.

 Laboratory Testing

Testing in laboratory offers the most variety of 
techniques for testing the individual contribu-
tions to tribocorrosion.

Electrochemical testing is one of the meth-
ods of evaluating the risk of corrosion. The 
other alternative is determination of weight 
loss and evaluation of possible occurrence of 
localized corrosion in a long-term exposition. 
Electrochemical testing relies on the analysis of 
electric potential and electric currents that flow 
through the interface between an electronic con-
ductor (metal) and ionic conductor (electrolyte). 
The metal is the coated or uncoated implant, 
whereas the choice of electrolyte depends on the 
environment that is to be simulated. Typically, it 
is a buffered aqueous solution with a physiologi-
cal content of salts used at body-specific tem-
perature, but proteins are often added in order to 
account for the possible interference of adsorbed 
molecules. Table 19.2 summarizes the composi-
tion of electrolytes customarily used in biotri-
bocorrosion testing. All solutions are obtained 
by dissolving chemicals of high purity grade in 
deionized water [73].

Prior electrochemical testing, surface treat-
ment must be employed in order to clean the 
surface. Unlike wear testing, setting this initial 
condition of metal is crucial for accuracy of the 
results. The most common method is polishing 

(chemical and/or mechanical depending of type 
of metal) followed by removing debris in ultra-
sonic bath and degreasing with acetone.

The weight-loss due to corrosion is estimated 
by determining the rate of corrosion (Vcorr), which 
in turn is determined from the amount of charge 
exchanged per unit of area in a unit of time, i.e. 
corrosion current. It should be kept in mind that 
corrosion current is sensitive to the composi-
tion of the electrolyte, temperature, movement 
of the solution, metal history, and other param-
eters [74]. In this context, an electrochemical cell 
is employed, in general, with a three electrodes 
configuration shown in Fig. 19.8. Reference elec-
trode provides a reference potential in order to 
determine the potential of the polarized surface. 
Typical electrodes are Ag/AgCl and saturated 
calomel electrode (SCE). Counter electrode, 
also referred to as auxiliary electrode, provides 
additional surface for completing intensively 
undergoing reactions and also serves for precise 
measurement of electric current. Typical materi-
als are Pt gauze electrode and graphite. Working 
electrode, i.e. the element being tested, can be of 
any form, for instance a rod (Fig. 19.8a) or flat 
surface (Fig. 19.8b), but must be of known sur-
face area. The electrochemical measurements are 
completed using a potentiostat/galvanostat con-
trolled by a computer. In practice, the kinetics of 
a corroding metal is characterized by determin-
ing parameters such as corrosion current density 
(jcorr), Tafel slopes (ba, bc), polarization resistance 
(Rp), oxide resistance (Rox), film resistance (Rf), 
etc. [7, 8]. These electrochemical parameters can 
also be obtained by electrochemical impedance 

Table 19.2 Composition of typical electrolytes used in biotribocorrosion testing

Solution
NaCl 
(g/L)

KCl 
(g/L)

NaHCO3 
(g/L)

CaCl2 
(g/L)

NaH2PO4 
(g/L)

Na2S 
(g/L)

Urea 
(g/L)

KH2PO4 
(g/L) Others (g/L) pH

Ringer’s 9.00 0.43 0.20 0.24 – – – – 7.4

Hank’s 8.00 0.40 0–0.35 0–0.19 0.050 – – – 1.00–10.00a 7.2–7.6

Fusuyama’s 0.40 0.40 – 0.91 0.69 0.005 1.00 – – 5.3

PBSc 8.00 0.20 – 0–0.13 1.42 – – 0.24 – 7.4

SBFd 8.04 0.23 0.35 0.29 0 – – 0.23 7.094b 7.4
ad-glucose, phenol red, MgSO4
bMgCl2 · H2O, HCl, Na2SO4, tris (hydroxylmethyl) aminomethane
cPhosphate buffered saline
dSimulated body fluids
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spectroscopy (EIS) [75]. The technique can be 
employed at Ecorr or under polarization using a 
sinusoidal signal over a range of frequencies, 
which provides a frequency specific response 
that can be interpreted through application of a 
circuit model to determine the above mentioned 
quantities as well as parameters charactering the 
interface between electron and ionic conductivity 
[9, 75–77]. On the other hand, Tafel slopes and 
corrosion potential (Ecorr) are determined through 
a polarization experiment (Fig. 19.2) or simply 
by monitoring the value of OCP [77]. Figure 19.9 
shows schematically a typical polarization curve 
which is plotted in a logarithmic scale for the 
range of potentials near OCP.

It should be noted that the significance of tem-
perature is given by Eqs. 19.1 and 19.2, which 
describe its impact on electrochemical equilib-
rium and kinetics of corrosion that allows deter-
mine Ecorr and jcorr, respectively.

Whereas so formulated simulation of body 
fluid serves for the electrochemical character-
ization it does not necessarily provide necessary 
condition for the testing of wear. The structure of 
the adsorbed layer is very sensitive to the pres-
ence of surface active agents and other potentially 
chemisorbing molecules. Finally, to approach 
the real case of implanted metal the influence 
of living cells should also be considered. The 
presence of living cells is similar to biologically 

a

b

Fig. 19.8 Schematic 
drawing of an 
electrochemical cell: (a) 
working electrode (test 
sample) consists of a metal 
rod of known area; (b) 
working electrode consists 
of a plate of known area
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induced corrosion associated with the presence 
of bacteria. The formation of local concentration 
cells and obstruction of diffusion can have both 

accelerating and inhibiting effect on materials 
degradation.

Tribological testing relies on the use of a tri-
bometer in which two bodies are set in mutual 
motion under controlled conditions. Typical 
configurations are those of a flat surface (disc or 
plate) being scrubbed by a counter-body shaped 
as a pin, ball or a ring (Fig. 19.10). The test body 
can be either the pin, the ring, the ball, the disc, 
or the plate depending on which one is controlled 
for the loss of weight/volume and/or inspected for 
surface chemistry and topology after the test. Due 
to limitations of common surface characterization 
techniques, the test sample is typically chosen to 
be the flat one; however, inverse configurations 
are also used in cases when characterization of 
weight loss is sufficient for evaluation. The effect 
of body weight is simulated by applying mechan-
ical force perpendicular to the test surface.

The wear scar can be obtained in a continu-
ous (Fig. 19.10b, d, f) or intermittent manner 

Fig. 19.9 Schematic representation of a polarization 
curve near corrosion potential. Dashed lines correspond 
with Tafel slopes ba, bc

a

c d

f

e

b

Fig. 19.10 Possible configurations of tribometers 
employed in tribological testing of biomedical materials: 
(a, b) fin on disc, (c–e) ball on disc, (f) ring on disc. The 

dashed lines indicate the direction in which the counter- 
body moves (or rotates). The resulting wear scar is 
indicated in black
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(Fig. 19.10a, c). Unlike the continuous mode, the 
intermittent one involves the change in direction 
of motion and is therefore referred to as recipro-
cal. Rotation of the counter-body (Fig. 19.10e) 
allows for including the effect of rolling wear 
associated with surface fatigue.

Tribological testing of biomaterials is often 
conducted in an aqueous lubricant (electrolyte), 
thus the effect of corrosion is accounted for but 
cannot be separated nor quantified. Both con-
stant volume and flow-through of the electro-
lyte are feasible. In the first case, corrosion and 
wear products accumulate simulating the physi-
ological condition; however debris particles may 
undergo attrition. Testing in the flow-through 
condition allows exploring the effect of debris 
particle shape and size. In order to facilitate con-
tinuous flow of the lubricant, the arrangement is 
rotated so that the flat surface is vertical and the 
lubricant can flow down freely.

Tribocorrosion testing allows for the mecha-
nistic separation of corrosion and wear in a sin-
gle testing apparatus. A typical set-up consists in 
one of the configurations presented in Fig. 19.10 
arranged in the modality of electrochemical test-
ing by adding reference and counter electrodes to 
be in ionic contact with the lubricating electrolyte 
and connecting the entire system to a computer 
controlled potentiostat/galvanostat with the test 
body being the working electrode. The contribu-
tion of corrosion can be suppressed by cathodic 
polarization of the working electrode, which pro-
vides electrons externally to sustain the cathodic 
reaction while the anodic metal dissolution and 
possible oxidation remain suppressed.

In contrast to technical components such as 
automobile transmission shafts, the mechani-
cal conditions in biotribocorrosion are much 
more varied considering the periods of increased 
mechanical load during walking or running fol-
lowed by practically no tribological contribution 
during sleep. In the periods of rest free corrosion 
is expected, whereas mobility would enhance the 
contribution of wear depending on the combina-
tion of normal and shear stresses imposed dur-
ing physical activity. It is also known that the 
wear rate of a tribocorrosion element stabilizes 
only after several test cycles with initial wear rate 

being at least one order of magnitude faster as 
comparted with the wear rate of the steady-state 
[78]. In order to address these constraints, a typi-
cal testing protocol consists in a combination of 
phases distinctive by the applied load, normal 
and shear components considered separately. 
Although several norms have been developed, 
e.g. [79], that prescribe the test sequence there 
is no protocol that would provide because of the 
multitude of human gait conditions and activities 
performed by individuals [80].

Joint simulators are a special type of tribom-
eters that allow for testing the complex geom-
etries of actual implants in simulated dynamic 
physiological conditions. The main purpose is 
to predict the clinical performance of prospec-
tive materials, which has been shown feasible in 
some aspects [81, 82]. A simulator can be pro-
grammed to simulate loading cycles of walking 
or running, including a daily cycle of its inten-
sity. By now, the use of hip joint simulators is 
a well-established method providing good pre-
diction of the long-term clinical performance, a 
reason for which it is routinely used in quality 
control as well as the development of new mate-
rial concepts. However, severe conditions such as 
presence of unexpected third body, edge wear or 
ageing of the materials may results in wear pat-
terns that are impossibly reproduced by standard-
ized testing [83].

 In Vivo Testing

Testing and evaluating an implanted material is 
the only accurate indicator of its performance in 
use. In-vivo studies are of outmost importance 
for the understanding of real case but uncovering 
the mechanistic corrosion-wear relationships is 
rather unlikely because of the variety of implant 
systems and uniqueness of every patient.

Examination of retrieved implants permits 
the evaluation of weight loss by the gravimetric 
method, however the mass gain due to adsorbed 
tribofilm as well as possible fluid absorption 
should be taken into account [83–85]. Surface 
of the retrieved implant can be further ana-
lyzed to determine its composition, topography 
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and morphology. An alternative to the gravi-
metric method is the use of coordinate measur-
ing machine, which allows a three dimensional 
comparison of the worn surface with its original 
geometry. The method has been shown appli-
cable to both hip [86] and knee implants [87], 
although its accuracy depends on the number of 
points and the mathematical algorithm used for 
reconstructing the surface.

Imagining techniques rely on stereometric 
analysis of the implanted device. Both X-ray as 
well as MRI images can be used and the basic 
idea is the geometrical reconstruction of the 
implant and its comparison with known initial 
dimension or and image obtained shortly after 
implantation.

Instrumented hip joint is a recent develop-
ment based on the idea of equipping the implant 
with an electronic system collecting data and 
sending them wirelessly to a receiver. So far, only 
systems for measuring mechanical forces were 
developed allowing the determination of contact 
forces and friction moments in vivo during walk-
ing [29, 88]. However, measuring corrosion cur-
rents or wear rates in-vivo is for now a distant 
perspective.

 Mitigation of Biotribocorrosion

Degradation of implants by tribocorrosion 
is unavoidable due to physical nature of the 
involved processes. The best option of mitiga-
tion is an intervention aiming at reducing and/
or controlling the rate of corrosion and wear. 
However, the methods of cathodic protection, 
application of corrosion inhibitors and modifi-
cation of the lubricant known to be efficient in 
technical applications are not viable for arthro-
plasty and the options are limited to materials 
selection, surface modification and mitigation 
through design. Whereas materials selection 
permits the most efficient reduction of tribo-
corrosion damage, the choices for implants are 
limited due to the laborious and demanding 
process of clinical trials and market admission. 
Modification of surface and design are the in 
fact the only practical options for improving 
performance of implants.

The function of a surface modification is to 
lower the coefficient of friction and to prevent 
the release of ions and debris particles. An addi-
tional function might be considered in preventing 
bacterial attack or improving general biocompat-
ibility. A distinction is made between surface 
coating and surface treatment. Both types of 
modification may involve relative shift of the sur-
face level (thickening/thinning) as well as change 
in chemical composition of the surface layer, but 
only surface coating results in the formation of a 
clear interface between the base material and the 
additional surface layer. Whereas coating always 
implies deposition of a new material, surface 
treatment may be completed without any chemi-
cal change. Typical ranges of thickness for the 
various types of surface modifications applicable 
to implants are summarized in Fig. 19.11.

 Surface Coating

Modification of materials functionality through 
coating is one of the oldest approaches to improv-
ing durability of materials but only the newest 
developments are applicable to implants due the 
requirements of biocompatibility. The prospec-
tive coating must produce excellent adherence 
with the substrate in order to prevent its delami-
nation. Further requirements include hardness 
slightly lower than that of the counter- body to 
prevent excessive wear of the counter- body, elas-
tic modulus similar to the substrate material to 
assure synchronous deformation in the elastic 
range and sufficiently high fracture toughness to 
avoid fracture. Surface chemistry should also be 
such as to produce soft tribofilms on both coun-
ter parts in order to prevent formation of hard 
debris. In order to meet all the requirements only 
advanced fabrication techniques are feasible.

Physical vapor deposition (PVD) allows con-
densing coatings from the vapor phase. The pro-
cess is completed in a vacuum chamber in which 
the native oxide can be removed at the atomic 
level assuring good adhesion of the coating. 
Modification of the process by including plasma 
in the ionization of coating’s precursor allows 
completing the deposition at lower temperatures 
and thus preventing alterations of the substrate 
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microstructure. This process is known as plasma 
enhanced (PE-PVD), sometimes referred to as 
plasma assisted (PA-PVD). An alternative of vapor 
deposition is chemical vapor deposition (CVD) 
where the precursor is introduced in the gaseous 
form and the coating is completed by chemi-
cal reaction between the precursor and substrate. 
When the occurrence of chemical reactions is pro-
moted by creation of plasma, the method is referred 
to as plasma enhanced CVD or PE-CVD. Thermal 
spraying consists in projecting heated or molten 
particles with high velocity onto the substrate. The 
kinetic energy acquired by acceleration promotes 
melting and formation of a continuous coating. 
Molten salts produce coating by metallurgical 
reaction between the substrate and metal ions pres-
ent in the salt, analogous to hot dip galvanizing.

The classification of coatings considers either 
their chemical composition, distinguishing 
between metallic and inorganic coatings, or their 
microstructure, distinguishing between single, 
multilayer coatings and gradient coatings. A 
multilayer coating containing only few interlay-
ers is referred to as sandwich. Gradient coatings 
are characterized by a gradual change of chemi-
cal composition with no interface between areas 
of distinctive chemical composition.

Table 19.3 summarizes examples of coatings 
that have been considered for metallic implants. 
All of them show improved tirbocorrosion 

 performance as compared with the bare metal 
alloy. Amorphous carbon (a-C) and diamond-like 
coatings (DLC) are sometimes considered synon-
ymous due to lack of crystallinity and similarity 
in chemical composition. Although, the amor-
phous structure is not necessarily the same (poly-
amorphism) and some authors distinguish DLC 
due to similarity of some of its properties to those 
of diamond. In general, all the a-C coatings seem 
to provide a fair reduction of corrosion-wear 
damage. Its been reported that DLC coating on a 
Ti-alloy produce bigger particles in lower number 
which could reduce the risk of pseudotumors and 
necrosis [89].

The current research frontiers focus on multi-
layer and gradient coatings which provide more 
flexibility in combining corrosion and wear 
properties, whereas the mechanical properties 
are tuned by adjusting the sequence of layers or 
intensity of gradients.

 Surface Treatment

Metallic surface can be modified by treatments 
aiming at changing its chemical composition, 
microstructure, topography or combination 
thereof. Table 19.4 summarizes examples of 
treatments that have been considered for modifi-
cation of implants.

Fig. 19.11 Thickness surface layer affected by surface modification techniques employed or studied for biomedical 
applications
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Change of chemical composition can be 
obtained through thermal treatment or implantation 
of foreign ions. Thermal treatment consists in expo-
sition to oxidizing atmosphere in which a protective 
oxide layer is formed and its properties are superior 
to the native oxide. Because the layer attains struc-
ture and composition different to the one formed in 
typical conditions of use, the oxide is referred to as 
artificial. Implantation of ions is a general descrip-
tion to several processes that result in insertion of 
individual atoms, mostly in ionized form, into the 
surface layer. In case of carbon and nitrogen, the 
process is referred to as carburizing and nitriding, 
respectively. Both are well-known metallurgical 
methods of improving hardness of alloys through 
microstructure modificiation. All the processes of 
ion implantation can be followed by thermal treat-
ment (superficial or entire piece) in which the for-
eign atoms spread towards the bulk increasing the 
depth of modification and possibly resulting in the 
formation of precipitates. A special case of ion 
implantation is the formation of carbon supersatu-
rated solid solution, so called S-phase, character-
ized by superior hardness and corrosion resistance.

The techniques explored for modification of 
surface topology involve laser surface melting and 
laser patterning. Laser surface melting (LSM) is 
achieved by focusing laser beam on the surface 
of a metal and thus transferring sufficient energy 
produce solid to liquid phase transformation. The 
beam is then scanned over the surface to cover the 
desired area of treatment. Due to short interaction 
time, bulk of the material does not increase its tem-
perature and the microstructure of the molten and 
solidified metal is distinctive through its metastable 
character. On the other hand, laser surface pattern-
ing requires the use of two or more beams which 
are brought into interference and the interference 
pattern is then imprinted in the surface layer by the 
same principle of energy transfer as used in LSM.

 Design Aspects

Much of the corrosion-wear damage can be 
reduced considering the possible degradation 
already when designing the device. Both material 
choice as well as definition of the geometry may 
improve the tribocorrosion life of the implant.

The straightforward focus in selecting mate-
rial are the options that have proven promising 
the laboratory testing. However, it should be kept 
in mind that bringing two metals in contact in the 
same volume of an electrolyte, which is the case 
in modular design of dissimilar metals, might pro-
duce the effect of galvanic corrosion. In this case, 
the metal characterized by low corrosion current 
may accelerate the rate of corrosion by an order of 
magnitude or more when in contact with a more 
noble metal; i.e. metal that has a higher corrosion 
potential when immersed alone. An example of 
this type of accelerated corrosion was reported on 
retrieved MoM THR where corrosion of CoCr was 
accelerated by contact with a Ti-alloy [116].

The choice of geometry and topology also 
affects biotribocorrosion performance of implant. 
In THR, 36-mm metal femoral heads were shown 
to produce increased corrosion as compared with 
28-mm heads [117]. Hip simulator studies indicate 
that smaller clearance allows reducing running-in 
wear [118]. Esposito et al. provided a review of 
the design features associated with tribocorrosion 
of taper junctions [67]. Trunnion length, trunnion 
diameter, and taper angle are parameters thought 
to contribute to tribocorrosion; however, there is 
disagreement as to whether a thinner and shorter 
taper is more beneficial than a longer, thicker one.

The more we know about the parameters 
determining biotribocorrosion the more reliable 
models can be constructed that would allow pre-
dicting the risk of particular corrosion-wear prob-
lem to occur at given mechanical and chemical 
conditions. An example of employing numerical 
modeling to predict corrosion at the head-neck 
contact indicate that limiting angular mismatch 
and centering offset could be helpful [119].
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The use of preserved bone and cartilage is not a 
recent technique and since 1879 fresh and frozen 
grafts has been used in numerous cases. Since 
1980 we have been using massive grafts preserved 
in the Bone Bank of Marseille created in 1978.

Reconstructive metal mega hip prosthesis are 
commonly used, but they might be responsible of 
mechanical failures or stability due to muscle non 
fixation. Autologous grafts, unlike allogenic 
grafts, have an important osteogenic potentie. 
But in as much as the procurement volume is lim-
ited, they do not permit massive bone or joint 
reconstruction when there has been partial or 
total resection as a result of either a bone tumor 
or a post-traumatic lack of substance.

For this reasons, we have elected since 1981 to 
use deep-frozen allogenic grafts to rebuild the 
skeleton. We have used since 1979 fresh allo-
genic bone grafts and, since 1981 deep-frozen, 
allogenic grafts to rebuild the skeleton:

1979–2015: 11.532 cases of spongious and mas-
sive allografts have been conserved in deep 
frozen liquid nitrogen

1981–2015: 835 massive bone allografts
1983–2015: 423 hip reconstructions
1985–2015: 278 massive osteochondral allografts.

Deep-freezing alone allows the preservation 
of voluminous bone pieces in satisfactory condi-
tions of conservation.

This type of preservation keeps the bone 
architecture in an optimal biological and biome-
chanical state. Allografts allowing vascular 
recolonization and rapid muscle tightening give 
good functional results. We think that in some 
indications, it is better to use an osteochondral 
allograft or a mega prosthesis surrounded by 
allograft.

 Allograft Biology

 Immunology

Allografts are well incorporated by the skeleton. 
If osteoid or blood cells (mostly leukocytes) as 
well as blood vessels and nerves have an inner 
antigenic potenty, leading to immune reaction, 
the proteinic matrix and the minerals fixed on it 
are either non-antigenic or less antigenic.

Spongious bone of the donor is injected in the 
receiver when we make a multi tissue grafting 
(face or upper arms total grafting) to decrease the 
antigenetic reactions. Clinically speaking, the 
immunological reactions are almost non existent 
with the use of massive allografts (8 %).
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 Biological Integration

 Spongious Allografts

Spongious allografts are evoluating in two 
successive phases. For about 3 weeks after the 
grafting, an osteogenic phase induced by the 
grafted cells may be observed. Then followed by 
a stop of several months (Burchardt 1983; 
Burchardt et al. 1978; Burwell & Gowland 1962) 
and a coming back of the osteogenesis under the 
dependence, at this time, of the guest’s cells.

The spongious allografts are different form 
the cortical grafts, principally through the fact 
that the mechanism of their revascularization is 
effectuated by “creeping-substitution” and that 
the integration of this graft will be complete.

The time will be much shorter (about 3 weeks) 
for the vessels to penetrate into a spongious graft 
than to recolonize a cortical graft. The complete 
revascularization needs about 2 months.

 Cortical Allograft

The rehabitation or cortical allografts begins with 
at first a phase of active resorption, which is quite 
normal during the first 2 weeks, intense for the 
following 4 weeks, and it is only about the 9th 
week that the osteoblasts will appear, inducing 
the beginning of the regeneration.

During this period the biomechanical 
behaviour of the graft decrease (50 % less at the 
18th month) the stem orl the plate has to be strong 
enough by itself and well fixed in the receiver 
bone to support the body weight.

When we compare on the cat the evolution of 
massive autologous and osteochondral allografts, 
we see that they are evoluating quite similarly but the 
duration of the revascularization process is different.

The two types of grafting are revascularized 
and the dead bone replaced by a new bone through 
creeping apposition. The intensity of the recon-
struction is more important between the sixth and 
the ninth months in the case of allografts, and 
between the third and the sixth months for the 
autografts. The material can be removed after 5 years.

 Bone Allograft Technology

The Marseilles team collaborated with the 
Transfusional center to set up a bone bank on 
their premises because it has a competent 
cryobiology department equipped with storage 
tanks containing liquid nitrogen and a 
temperature-lowering programmer.

This laboratory, which for a long time has 
been storing bone marrow, platelets, and various 
cryopreserved tissues, has the virology, 
bacteriology, quality control, and quality 
assurance laboratories of the Blood Transfusion 
Service and is accustomed to applying the 
transfusion safety standards

It is also the first in France to obtain the 
approval of the Microbiological safety Committee 
of the Directorate General of Health in April 
1996. Banks which were developed nationally 
have followed the same principles

Because the bone and cartilage fragments 
which are removed are not subjected to secondary 
sterilization, it is imperative that the therapeutic 
maneuvers are performed in wholly sterile 
conditions.

 Selection of Donors

Has to be rigorous so that there is no risk of the 
transmission of iatrogenic pathology to the host 
through the graft. We have to know:

• History of the illness
• Circumstances of the accident
• Medical history of the donor*

They are absolute contra-indications:

• Cancerous conditions
• Systemic illness
• Collagenosis
• Auto-immune disease
• Bone dystrophy
• Viral, bacteriological, parasitic infection, mycosis 

or tuberculosis
• Artificial ventilation for more than 72 h
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Bacterial decontamination using solution of 
antibiotics

Samples taken after decontamination and after 
thawing

Blood Samples taken to perform virological 
examinations

• Hepatitis B and C
• HIV
• HTLV
• Syphilis
• Transaminases
• Toxoplasmose
• Cytomegalovirus
• Epstein-Barr virus

Tissue are placed into quarantine and the 
virological tests repeated 4–6 month after the 
tissue has been removed. These samplings are 
performed either on the live donor or on the host 
of organs coming from the same donor.

 Removal Techniques

Are made under the strictest aseptic conditions 
possible in an Orthopedic Operating theatre. The 
whole bone with cartilage, the ligaments and cap-
sule, tendons and meniscus are put in sterile 
Capton-Teflon bags with antibiotics (Figs. 20.1 and 
20.2). The reconstruction of the skeleton has to be 
perfect. Coding and Measuring of the Parts are 
made by X-Rays. Quality Controls are made every 
6 months. 20 % of the grafts are rejected annually.

 Preservation Techniques

 Preservation Methods
Cryopreservation in liquid Nitrogen at – 196 °C 
is used to avoid the formation of ice macrocrystals, 
we used cryoprotector ( 10 % DMSO), but the 
DMSO is toxic at a temperature higher than 
8 °C. So, we have to decrease les temperatures to 
6° before been in contact with the graft.

We have determined an optimal curve for 
decreasing the temperature (2°/′ from 6° initial 

−40 °C, then 5°/′ from −40 °C, −140 °C then put 
in liquid nitrogen at −196 °C) and rapid thawing 
in physiological à 41 °C permit the use of the 
graft after 30 min

 Biomechanics and Immunology

Mechanical strength of the cortical allograft is 
only 50–60 % of the strength of normal bone dur-
ing a period ranging from the 8th to the 18th month 
after the graft has been implanted. The fixation of 
the graft has to be perfect with a perfect contact 
between the recipient bone and the allograft.

Mechanical properties of the allograft can be 
changed by the preservation and storage pro-
cesses (no irradiation – no heat – no ethyl-
enoxyde – no acetone)

Fig. 20.1 Femur extracted

Fig. 20.2 Femur in the containing, sterile bag
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The preservation of the ligament structures, 
the capsule, and the meniscus is very important 
and the immunological response of the bone, the 
cartilaginous cells and ligament cells are very 
low. We can use immuno suppressants (like 
SANDIMMUM) if there is an immunological 
response (serosity surrounding the graft) (8 %) at 
the graft.

 Transport

Can be made in liquid nitrogen or dry ice. If we 
use the graft with 12 h

We can thaw the fragment directly in the bone 
bank laboratory or in the operating room. We put 
it in sterile Liquid heated at 41 °C. It will also 
wash the DMSO from the tissue. After having 
thawed the graft we can use it for reconstruction 
of the skeleton in oncology, traumatology or loss 
of substance.

 Massive Osteochondral Allografts

What is new is the knowledge of the Mechanism 
of Conservation and the behavior of Chondral 
Deep-Frozen Allografts:

• The chondrocytes has to be protected to be 
able to fix the water molecules on the glyco- 
amino- glycans present in the cartilage

• We cannot use a sterilisation by irradiation 
which would destroy all the cells and we have 
to use very carefully DMSO 10 % to stop mas-
sive ice cristal formation , not to impare the 
cartilaginous cellular function

• The cartilaginous tissue is deep frozen and 
conserved in Liquid nitrogen at – 196 °C

• The Cartilaginous Matrix has to have a normal 
tightness to protect the Chondrocytes

• The sub-chondral bone has to be vascularized 
to survive, but the Cartilaginous cells only 
needs synovial fluid imbibition

• The Cartilaginous cells are not replaced, and 
the one seen some years after grafting are 
those initially present in the graft

• The Cartilage is a special tissue which don’t 
give immune response

• If we have an immune response it is because 
of the surrounding tissue

• Taken apart each component of the cartilage 
give an immunological response but when 
we graft the whole cartilage, there is no 
réaction

 Material and Methods

1983–2012: 278 Patients had Massives 
Ostéochondral Allografts 197 Females/81 Males

• 27 Cases of Massive Osteochondral 
Acetabulum

• 3 total femoral reconstruction with osteochon-
drome femoral licard?? placed in the osteo-
chondral acetabulum of the recipient

• 173 Patients with Knee reconstructions
 – Trochlea (29 cases)
 – Condyle (68 cases)
 – Patella (7 cases)
 – Tibial plateau (46 cases)
 – Total Lower part of Femur (14 cases)
 – Total upper part of Tibia (9 cases)

Some (specially in traumatologic cases) had 
different diseases

• 7 Cases of Wrist reconstruction
• 48 Cases of Shoulder reconstruction
• 16 Cases of Total Elbow reconstruction
• 7 Cases of Radius reconstruction

Used for

• especially Oncologic diseases (73 % of the cases)
• but also Traumatic Surgery (21 % of the cases)
• and Iterative surgery (6 % of the cases)

 Oncology

Most of the time we use Conservative treatment 
in oncologic surgery
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Technical problems can lead to amputation
But the final Aim is to save the patient life and 

to make him have a good function ( Lumbo 
salvage surgery )

The absolute contra-indications are:

• Voluminous Tumor
• Infected Tumor
• Skin Recoverage Problems
• Malpositioned Biopsy

The relative Contra-indications are:

• Irradiated Tumor
• Very young patient

The result depends on the quality of the 
resection of the Tumor (Contaminated, Marginal, 
Large or Radical)

 Traumatology
Most of our cases are surrounding the Knee but 
also at the upper arm.

• Osteonecrosis
• Lack of substance
• Destruction of the Condyle, Trochlea or Tibial 

Plateau but also Elbow, and Schoulder

 Iterative Operations
Specially at the Hip Joint and Knee

 Results

 Globally
The analysis of the function of the graft is made 
during the time of survival in Oncologic diseases. 
For the survival cases and the other nononcologic 
cases the Follow-up is of 28 Years: Good muscu-
lar and Ligamentary fixation in 76 % of the cases. 
Good healing at the junction. Allograft- Recipient 
Bone in 92 % of the cases. Good integration of the 
graft in 88 % of the cases. Immunological reac-
tions occurred in 12 % of the cases.

Arthrosis and articular destruction occurred in 
14 % of the cases due to ligamentary instability.

No more infections (4 %) occurred than occur 
in massive reconstructions especially when we 
use chemotherapy. Joint function was excellent 
in 131 Cases (76 %), Good in 17 Cases (10 %) 
Bad in 24 Cases (14 %).

In the hip, We obtained good function and no 
arthrosis with the Acétabulum reconstruction; 
even the size of the grafted cotyle is not exactly 
the same as the recipient femoral head.

In the knee joint, The function dépend of the 
stability of the graft and specially the ligamentary 
refixation.

In the shoulder, we have had some Necrosis of 
the Humeral head (4 cases) so that we use now 
more often Metal prosthesis surrounded by 
allograft . We have also to take care of the holes 
made in the upper part of the graft to fix the ten-
dons on it. It can frgilize the graft and make it 
brake (3 Cases).

In the elbow, the initial function is satisfactor-
ing but after some years (Brooks et al. 1969; 
Brown & Crues 1982; Burchardt & Enneking 
1978; Burchardt 1983; Burchardt et al. 1978; 
Burwell & Gowland 1962; Burwell 1963; 
Burwell 1969; Burwell 1976; Burwell et al. 1963; 
Carr & Hyatt 1955; Carrel A. La conservation 
des tissus et ses applications en chirurgie. J Am 
Med- Techniques chirurgicales orthopédique 
1984; Chalmers 1959) most of the joint become 
instable due to loosening of the ligaments fixing 
the elbow and the articular component destroy 
themselves but without pain.

 Discussion: Global Follow-Up 
of 30 Years

• We see tumoral reccurrencies when the tumor 
is not well taken off or specially aggressive

• Infection can be seen, in the same percentage 
of cases (3 %) than the one we have when we 
use massive métallic prostheses. Some times 
when there is serum collection surrounding the 
graft, it can be seen as an infection. But when 
we make a biopsy or a procurement their are 
no germs. This liquid is an immunological 
response to the graft (8 % of the cases)
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• The Cartilaginous cells are still alive in the 
cartilage 10 or 20 years after grafting, they 
produce new Amino-glycans and fix Blue 
Colorants

• If the thickness of the cartilage decrease , it is 
not clinically followed by pain because the 
cartilaginous tissue is not innevaled and we 
have very exceptionnally used a prosthesis

• Most of the time the destruction of the joint, 
after grafting is due to ligamentary instability 
so we have to use primarily artificial ligaments 
or refix on the graft the ligaments of the recipi-
ent patient

 Acetabulum and Pelvic 
Reconstructions with Massive 
Allografts

Revision arthroplasty of the hip and large-scale 
excision due to tumors are reasons for large 
losses of bone. Massive allografts make muscle 
refixation easier and provide the volume of bone 
needed for reconstruction of the loss of substance 
which is why we prefer them to massive  
metal prostheses. However their biological char-
acteristics , their fragility on exposure to fatigue 
stresses and their immunological properties are 
subjects for discussion. Since 1982 we have been 
using 423 massives grafts preserved in the Bone 
Bank in Marseille for hip reconstruction 
(Acetabulum, Iliac wing, obturateur ring, whole 
hemi pelvis)

 Etiologies

Tumoral Etiologies

• Chondrosarcomas (57 % of the cases)
• Fibrosarcomas
• Ewing’s Tumors (21 % of the cases)
• Plasmocytomas
• Rhabdomyosarcomas
• Giant cell tumor (18 % of the cases)

Infectious Etiologies

• Echinococcosis
• Sepsis

Hip Reconstruction after Revision Surgery

• Acetabulum

 Allografts

The graft is taken under very strict aseptic 
conditions in operating theatre

The graft is deep frozen and conserved in 
liquid nitrogen at – 196 °C with antibiotics. We 
can use it within 2 h after having thawed it

 Surgical Techniques

 Reconstruction of the Pelvis
The Patient is laid in ¾ dorsal decubitus posi-
tion. The homolateral leg is left free to be mobi-
lized. We have described a wide approach 
allowing the whole hemi-pelvis to be excised; 
The incision was started in the inguinal region 
taking the vessels into account, then extended 
downwards, towards the homolateral ischium, 
and upwards up to the antéro-supérior iliac spine.

Dissection of the Iliac and femoral vessels, 
spermatic cord, crural nerve, psoas, iliac muscles, 
pubis, bladder, obturator ring, lumbar  
and sacral roots, sacrum, iliac wing, femoral 
neck.

Osteotomies are performed at the end of the 
dissection when everything is under control 
(nerves and vessels, bladder and uretere, muscles 
and Bowel Loop).

Reconstruction of the hemi pelvis when an 
acetabular cup has been cemented directly on the 
bone allograft before it, is fastened. Fixation of 
the sacroiliac joint or of the sacrum.

One or Two plates are used after having been 
modulated inside the pubis and on the posterior 
wall. Refixation of the muscles on the bone. The 
femoral prosthesis is cemented in the desired 
position in the diaphyseal shaft of the femur after 
the canal has been prepared.
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For 2 days the patient will remain in the inten-
sive care unit. Walking and weight-bearing are 
permitted from the 8th day after operation. Total 
Weight –bearing is possible by 15–21 days 
postoperatively.

 For Isolated Reconstructions 
of the Acétabulum
The approach used in revision surgery of the hip 
is a lateral external transgluteal route , creating a 
digastric muscle from the gluteus medius and 
with the vastus externus left connected to each 
other by trochanteric attachments. The femur is 
dislocated and freed from its acetabular 
attachments.

Then freeing of the acetabulum : ablation of 
the implant, of all the cement, and of any fibrosis, 
removing of the necrotic bone.

The femoral allograft(s) is (are) remodelled in 
such a way as to reconstruct the acetabulum per-
fectly after screwing them directly into the 
spongy bone. Further drilling is performed.

Anchorage points are drilled into the roof of 
the acetabulum, the pubis, and the ischium, 
through the allograft direct into the patient’s bone. 
The cement is applied when it is in its pasty phase.

 Clinical Applications and Results

From the Carcinological point of view, the 
chondrosarcomas which were the main reasons 
for performing our pelvic grafts were always 
resected on a large scale.

There are very few relapses within the 10–15 
years after operation but we see some after this 
period of time. On the other hand, the others 
sarcomas all resulted in the death of the patients 
after a longer or shorter interval.

Septic Loosening of prosthesis appear to us 
to be a good indication for surgery in two stages. 
A fracture of the allograft may heal completely. 
The allograft-host union has to be fastened by 
stable osteosynthesis and surrounded by spongy 
autograft.

The shafts of the prosthesis have to be 
cemented into the host femur as well as into the 

allograft. The number of septic complications is 
comparable in our series to that of the series 
using massive metal prosthesis. A number of 
serous effusions led us to review the immunology 
of the bone allografts

 The Mega-Hip Prosthesis 
Surrounded By Allografts

Reconstructive metal mega hip prosthesis are 
commonly used, but they might be responsible of 
mechanical failures or instability due to muscle 
non fixation. One of the actual problems 
concerning articular allografting is the 
biomechanical behavior of the ligaments and the 
revascularization of the cartilage.

Autologous grafts, unlike allogenic grafts, 
have an important osteogenic potentie. But in as 
much as the procurement volume is limited, they 
do not permit massive bone or joint reconstruction 
when there as been partial or total resection as a 
result of either a bone tumor or a post-traumatic 
lack of substance.

 Computerized Custom Made Mega 
Hip Prosthesis

 Shape

To rebuilt the upper part of the femur 
destroyed by a tumor of after numerous oper-
ations. We have had, to study first the inner 
shape of the femur. The prosthesis has to 
have the same anatomical shape than the 
medullar bone. The form that has been given 
by C.A.O. is an italic S with a long inferior 
curve.

It is important to rebuilt exactly the inside ana-
tomical aspect of the bone, for the prosthesis to 
be directly in contact with the cortical bone. If 
you use a straight stem you cannot obtain every 
where a good contact and you have stress schild-
ing in some places of the bone and also you can-
not use a massive allograft because you cannot 
introduce the stem in it.
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 Fixations

The Mega prosthesis has to be introduced very 
easily in a massive diaphyseal allograft without 
risks of breakage. We can use it with or without 
cement, but we think that the best utilisation is 
with cement in the upper part next to the allograft 
and also with cement in the lower part of the stem 
which is fixed in the receiver bone. The muscles 
surrounding the allograft will fix themselves 
directly on it. Some special fixation can also be 
used for the trochanteric muscles.

 Clinical Applications

In reconstructive surgery, it is the first time that 
we increase the bone in using a prosthesis sur-
rounded by allograft. In bone tumors when 
muscles and ligaments have to be removed, 
like in some traumatological cases, the use of 
massive osteocartilaginous allografts is not 
indicated because of the poor vascular 

 surrounding of the graft and problems linked to 
articular instability. We think the best we can 
do in those cases, is to propose the use of mas-
sive metallic articular prosthesis surrounded 
by one allograft.

Prosthesis brings an immediate stability and 
allows the patient to walk a few days later, while 
the graft will permit the remaining muscles to fix 
themselves on it. This solution is the one choosen 
each time there is a reconstruction of the upper 
part of the femur (Fig. 20.3).

 Conclusion

The use of a megahip prosthesis surrounded 
by allograft has a lot of advantages. It allows 
muscular or ligamentary fixation and better 
biomechanical behaviour which decrease 
the risks of articular instability; no risk of 
articular necrosis means we can authorize a 
early loading; and especially we increase 
the volume of skeletal bone instead of 
decreasing it and that is a very new and 
important point.

a b

Fig. 20.3 (a) Implementation of bone substitution. (b) Prosthesis in place
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      Express Diagnosis of Mechano- 
Biological Limb Skin Condition 
During Prolonged Dosed 
Stretching in Orthopedics                     

     Lyudmila     Grebenyuk       and     Evgeny     Grebenyuk    

       Non-invasive express estimation of skin quantita-
tive parameters has remained a current task for 
plastic surgery, orthopedics, oncology and skin 
cosmetology [ 1 ,  2 ]. An express analysis of mech-
ano-acoustic condition of the skin in the condi-
tions that are close to extreme, in particular during 
lengthening of congenitally short limbs, forearm 
or lower leg stumps, also appears to be a topical 
problem. Despite the fact that the skin has a high 
potential for stretching, hyperextension signs can 
develop by reconstructive and restorative treat-
ment of the patients with congenital limb anoma-
lies accompanied by large discrepancies in limb 
length and defi cit of soft tissue components. The 
diagnostic value of acoustic testing was studied 
by many researchers and mainly in clinical set-
tings [ 3 – 5 ]. The obtained results show that mech-
ano-acoustic properties of the skin can be used for 
evaluating the effi ciency of various treatment 
methods, as well as for prediction of disadaptive 
shifts in the tissue such as overstretching (striae) 

that impair the cosmetic effect of operative limb 
segment lengthening. 

 Reconstructive and restorative treatment with 
the method of Ilizarov provides the objective 
control of bone and soft tissues condition of the 
involved limb in order to correct the treatment 
tactics for each patient. The systemic observa-
tions of skin integument response to prolonged 
dosed stretching have proven the necessity to per-
form biomechanical monitoring of soft tissues, 
including the skin. It has been noted that a num-
ber of patients that underwent large amounts of 
limb lengthening developed the signs of tissue 
overstretching (striae) while the level of regener-
ative process during the period of distraction was 
satisfactory. Therefore, we have developed and 
introduced the technique for studying the acous-
tic properties of the skin in the patients with 
orthopaedic pathologies that enables us to mea-
sure the velocity of the sound in the skin in the on 
line mode, non-invasively and considering the 
structural heterogeneity of the tissue. 

    Technique 

 An acoustic skin analyzer ASA-4 [ 6 – 8 ] was used 
to perform the study. Methods are considered 
based on the measurements of acoustic imped-
ance, the shear and surface wave speeds (SWS), 
as well as of static moduli. SWS range – 
10–300 m/s. Measurements in the longitudinal 
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(in parallel with anatomical limb axis), transverse 
and diagonal directions (45° and 135° by 
Cartesian coordination system) was performed 
before treatment start, during distraction by 
method of Ilizarov, fi xation and at different time 
intervals after the Ilizarov fi xator removal. The 
anterior surface of segmental middle third was an 
area to be studied for all limb segments. A patient 
was in horizontal position, his (her) elbow, knee 
and hip joints were extended (angle in the joints 
amounted to about 180°). Statistical analysis 
consisted in checking the parameters obtained for 
following normal distribution law, calculation of 
mean value, standard error and standard deviation. 
Provided the normal distribution law of sampled 
population the authenticity of differences was 
estimated with Student  t -test. 

 In the process of analyzing the effect of 
distraction on skin integument biomechanical 
behaviour in the segment being lengthened the 
following characteristic features of integument 
tissue mechanics-and-acoustic state were 
determined.  

    Analysis of Forearm Skin 
Mechanics-and-Acoustic Properties 
for Graduated Distraction 
in Patients with Congenital 
Anomalies of the Upper Limb 

 A dynamic study was performed in the group of 
patients (n = 39) with congenital growth and 
development anomaly of forearm (CGAF) on the 
basis of measuring the spreading velocity of sur-
face acoustic wave in the forearm being length-
ened. The main part of patients was represented 
by children and adolescents with congenital 
radial or ulnar club hand at the age of 3–18 years, 
who were subjected to forearm lengthening. The 
mean value of lengthening amounted to 
6.4 ± 1.0 cm (range: 5.5–8 cm). 

 As it rises from Table  21.1 , the gain in sound 
velocity in patients at the age of 3–11 years was 
observed for transverse C(x) and longitudinal C(z) 
orientations, as well as for diagonal one C(135). 
Specifi cally, by 30 and 60 days of distraction 
C(x) parameter 31.1 % and 37.5 % exceeded the 

values of intact segment,  respectively. Similarly 
to this, C(135) parameter also was 34.6 % and 
32.5 % higher, than that of contralateral fore-
arm. The value studied registered for longitudi-
nal orientation 32.3 % increased by 30 day of 
lengthening and 36.9 % increased – by 60 day of 
distraction.

   Changes in acoustics properties in the age 
group of 12–18 years occurred similarly to 
those in the younger age group (3–11 years, 
Table  21.2 ). As it rises from Tables  21.1  and 
 21.2 , the character of increasing the SWS value 
in integument tissue of the forearm involved 
for the group of patients at the age of 12–18 
years by 30 day of distraction was identical to 
that in age group of patients of 3–11 years. As 
far as graduated distraction continued, the gain 
in SWS for longitudinal, transverse and diago-
nal (135°) directions amounted to 32.9 %, 
38.3 % and 39.2 %. This indirectly evidences 
the development of comparable by value ten-
sion state in skin in the three directions men-
tioned, though the SWS parameter in absolute 
values in the longitudinal orientation reaches 
maximum – 87.9 %.

   On the basis of the scalars of SWS vectors 
there are reasons to draw a conclusion about the 
transfer of operated forearm skin integument to 
stressed-and-deformed state [ 3 ]. 

 It should be noted that in case of surgical 
treatment of patients with upper limb CGAF 
the necessity of repeated segment lengthening 
arises due to the fact that lengthening of seg-
ments starts from the age of 5–7 years. This 
creates favourable conditions for patients’ 
social adaptation and motor development. That 
is why in case of soft- tissue component defi cit 
the appearance of the signs of skin integument 
overstretching in the forearm involved (striae) 
may be noted in single cases. Quite by the end 
of fi xation period the signs of skin overdisten-
sion were reduced essentially, and in the fi rst 
days after the fi xator removal the striae in skin 
of the forearm lengthened were signifi cantly 
reduced as a result of successful adaptation to 
new biomechanical conditions, as well as owing 
to tissue growth in response to graduated 
distraction.  
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    Thigh Skin Response to Dosed 
Lengthening in the Patients 
with Congenital Lower Limb 
Shortening 

    Analysis of Mechano-acoustic Skin 
Properties in Healthy Subjects and Its 
Practical Value 

 In order to reveal the acoustic properties of the 
limb skin, we examined a group of practically 
healthy subjects that conducted the usual way of 
life but did not participate in sport activities. 
There were 9 control males aged 18–23 years 
(n = 18, n – number of segments). 

 An acoustic analyzer ASA, which sensor pro-
vides to realize the tests with its various orienta-
tions in reference to the anatomical limb axis 
(angular orientation) was used in the study. 
Measuring of surface wave speed (SWS) was 
parallel [C(z)], transversal [C(z)], at 45° [C(45)] 
and at 135° [C(135)] relative the anatomical axis 
of the limb. The life-time skin tests were con-
ducted with the hip and knee joints in extension 
(180°) or their fl exion at 90°. The examined per-
son was in supine position with the angle in knee 
joint approximately 180°; the foot was in its 
physiological position at 80–90° of fl exion in the 
ankle joint. The studied area was the anterior sur-
face of the thigh and shin in their middle thirds. 

 The analysis of the obtained acoustic param-
eters in the thigh skin showed the following 
(Table  21.3 ). The SWS use to measure in the 

longitudinal direction in the skin of the thigh 
with the limb positioned in the maximal exten-
sion of the knee and hip joints (position A) made 
64.8 ± 1.3 m/s. Lower limb fl exion in the knee 
joint at 90° did not result in signifi cant changes 
of the velocity in the longitudinal direction. 
Sound properties of the thigh skin in the control 
male group had no signifi cant changes in other 
applied orientations such as transverse, at angles 
of 45 or 135° relative the longitudinal limb axis 
either.

   The comparison of the obtained skin acoustic 
testing results of the shin with the adjacent joints 
in extension and fl exion (180° and 90° respec-
tively) did not reveal signifi cant differences for 
all four applied orientations (Table  21.4 ).

   When testing the mechano-acoustic parame-
ters of the shin in the same group of healthy sub-
jects, the analysis of the SWS in the integument 
tissue of the shin in four directions with the limb 
adjacent joints in extension revealed signifi cantly 
higher values of this parameter as compared with 
the values in the thigh (Table  21.4 ). Those differ-
ences refl ect, fi rst of all, the presence of denser 
integument tissue in the shin. The structural basis 
of this fact is different types of collagen weave in 
the thigh and shin, as well as the thickness of col-
lagen bundles. These differences can have an 
important applied signifi cance for predicting the 
skin response to plastic surgery and reconstruc-
tive/restorative treatment of patients with con-
genital and acquired pathology of the locomotor 
system. 

   Table 21.3    Sound velocity in thigh skin of males aged 18–23 years (control group) by fl exion and extension in the 
adjacent joints, M ± m, m/s   

 n = 18  Thigh, extension 180° (pos. A)  Thigh, fl exion 90° (pos. B) 

 Parameter  zTh-180 a   xTh-180  45Th- 180  135Th-180  zTh-90  xTh-90  45Th-90  135Th- 90 

 M ± m  64.8 ± 1.3  57.5 ± 1.1  63.6 ± 1.7  62.1 ± 1.6  66.2 ± 1.7  55 ± 1.3  63.7 ± 1.6  62.4 ± 1.1 

 Standard 
deviation 

 5.7  4.5  7.2  7.0  6.9  5.0  6.2  4.2 

 Shapiro- 
Wilk test 

 Normal  Normal  Normal  Deviation 
from normal 

 Deviation 
from normal 

 Normal  Normal  Normal 

 Wilcoxon 
test 

 p > 0.05  p > 0.05  p > 0.05  p > 0.05  p > 0.05  p > 0.05  p > 0.05  p > 0.05 

   M  mean value,  m  standard error 
  a Notes: zTh-180 – skin sound velocity in the longitudinal direction, xTh-180 – transverse direction, 45Th-180 and 

135Th-180 – at 45° and 135° relative the anatomical limb axis  
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 The analysis of acoustic skin properties in the 
shin of healthy subjects by the change of the 
position in the adjacent joints did not reveal sig-
nifi cant difference in the mechano-acoustic con-
dition of the tissue in two mentioned positions. It 
proves the fact that a small range change in the 
fl exion-extension angle (not more than 90°) does 
not result in noticeable changes in the biome-
chanical skin condition of the shin. The issue of 
the infl uence of a greater amount of change of the 
range of motion in the joints that are adjacent to 
the femur and tibia on the mechano-acoustic 
properties of the skin requires further studying 
(Table  21.5 ).

   Twenty-one patients with the orthopedic 
pathology were subjected to mechano-acoustic 
testing for analyzing the dynamics of the acous-
tic skin properties of the shortened thigh during 
prolonged dosed stretching in the conditions of 
Ilizarov distraction osteosynthesis. Each patient 

had growth disturbances and malformation of 
one lower limb. Their age ranged from 16 to 21 
years (mean: 18.7 ± 0.7). The amount of con-
genital shortening of the femur was between 3 
and 7 cm (4.2 ± 04 см). On line tracking of the 
dynamics of the SWS in the skin of the length-
ened thigh revealed a gradual growth of this 
parameter as compared to preoperative values, 
and moreover, this growth was noted in all four 
tested directions. It was established that the 
SWS in the skin of the lengthened thigh in the 
longitudinal direction by the end of the second 
distraction month made 96.6 ± 5.4 m/s (53.1 % 
higher than preoperative values, p < 0.001 
Student’s  t -test), in the transverse direction was 
67.8 ± 4.9 m/s (23.5 % increase, p < 0.05 
Student’s test), at 45° direction – 90. ±5.4 m/s 
(45.4 % increase, p < 0.001 Student’s  t -test) and 
at 135° – 86.0 ± 5.7 m/s (46.8 % increase, 
p < 0.01 Student’s  t -test). A signifi cant rise of 

    Table 21.4    Differences in acoustic parameters of the thigh and shin skin when tested in four directions in healthy 
subjects aged 18–23 years in the physiological position of extension in the adjacent joints, M ± m, m/s   

 n = 18  Thigh (180° extension)  Shin (180° extension) 

 Parameter  zTh-180 a   xTh-180  45Th- 180  135Бe-180  zSh-180  xSh-180  45Sh- 180  135Sh- 180 

 M ± m  64.8 ± 1.3  57.5 ± 1.1  63.6 ± 1.7  62.1 ± 1.6  81.4 ± 2.6  79.4 ± 2.4  77.3 ± 2.3  83.3 ± 3.7 

 Standard 
deviation 

 5.7  4.5  7.2  7.0  10.9  10.1  9.8  15.3 

 Shapiro- 
Wilk test 

 Normal  Normal  Normal  Deviation 
from normal 

 Deviation 
from normal 

 Normal  Normal  Normal 

 Student  t -test  p < 0.001  p < 0.001  p < 0.001  p < 0.001  –  –  –  – 

   M  mean value,  m  standard error 
  a Notes: zTh-180 – skin sound velocity in the longitudinal direction, xTh-180 – transverse direction, 45Th-180 and 

135Th-180 – at 45° and 135° relative the anatomical limb axis  

   Table 21.5    Sound velocity in shin skin of males aged 18–23 years (control group) by fl exion (90°) and extension 
(180°) in the adjacent joints   

 n = 18  Shin, extension, 180° (pos. B)  Shin, fl exion (90°) (pos. G) 

 Direction  zSh-180*  xSh-180  45Sh-180  135Sh- 180  zSh-90  xSh-90  45Sh-90  135Sh-90 

 M ± m  81.4 ± 2.6  79.4 ± 2.4  77.3 ± 2.3  83.3 ± 3.7  78.5 ± 2.1  78.2 ± 2.3  80.5 ± 2.0  79.9 ± 2.2 

 Stand. 
deviation 

 10.9  10.1  9.8  15.3  9.0  9.6  8.4  9.5 

 Shapiro 
–Wilk test 

 Deviation 
from normal 

 Normal  Normal  Normal  Normal  Normal  Normal  Normal 

 Student’s 
 t -test 

 p > 0.05  p > 0.05  p > 0.05  p > 0.05  p > 0.05  p > 0.05  p > 0.05  p > 0.05 

   M  mean value,  m  standard error 
 * Notes: zSh-180 or zSh-90 – shin skin sound velocity in the longitudinal direction, xSh-180 or xSh-90 – transverse 

direction, 45Sh-90 and 135Sh-90 at 45° and 135° direction accordingly relative the anatomical limb axis  
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the studied SWS in the skin of the lengthened 
thigh was preserved during the fi xation period, 
and in the short-term period after frame removal 
it practically did not differ from the preoperative 
values. So, by the end of leg fi xation this param-
eter in the longitudinal direction was 87.6 ± 4.7 
(38.8 %) m/s versus 63.1 ± 3.8 m/s in the preop-
erative period. In the short-term period after 
treatment, the SWS distribution reached 
60.5 ± 2.9 m/s and did not differ from the initial 
preoperative values. The same correlation of the 
speed indices was preserved also in long-term 
periods after fi xator removal, exceeding 12 
months. 

 Taking into account the fact that fl exion and 
extension take place in the joints of the lower 
limb during movements and locomotor activity, 
seven patients were tested functionally and the 
test results were compared for acoustic skin 
properties of the thigh in extension (180°) and of 
the maximally fl exed knee and hip joints. 

 The differences in SWS in the shortened thigh 
integument by the change of the spatial position 

of the limb were more marked in the preoperative 
period. As it is shown in Fig.  21.1 , the shape of 
the acoustic fi eld changed from the longitudi-
nally extended ellipse to a transversally extended 
ellipse, that is the SWS in the skin decreased by 
47.4 % in the longitudinal direction and by 
18.5 % in angular orientation at 135° during 
functional tests (extension-maximal fl exion in 
the hip and knee joints) before lengthening of the 
femur. In the same situation, the SWS in the 
transverse direction increased by 18 %. Once 
the discrepancy of the femur had been equalized 
the speed grew in all used orientations of the sen-
sor by maximal fl exion in the knee joint, and the 
increment ranged between 3 and 18.5 m/s.

   The group of patients that underwent treat-
ment with monofocal distraction osteogenesis 
had no signs of skin overstretching (striae) as 
mechano- acoustic tests showed. However, skin 
overstretching was noted in a number of patients 
with congenital lower limb shortening 
accompanied by more marked disproportion of 
the longitudinal femur size that required operative 
lengthening exceeding 6–7 cm (more frequently 
it refers to the age 14–15 years). 

 Overstretching signs in the skin of the length-
ened thigh were located in different areas 
(Figs.  21.2  and  21.3 ). According to our observa-
tions, the striae developed more frequently in the 
patients with congenital lower limb shortening in 
the conditions of bifocal distraction osteogenesis. 
They were located on the  anteromedial surface of 
the thigh  or the  posterior popliteal area , and 
rarely were noted on the  anterior surface of the 
lengthened thigh . One of the possible causes of 
the phenomenon is thinner skin layers in the 
mentioned areas and the decreased skin plasticity 
potential during dosed lengthening of the 
segment.

    It is not always a solvable task to follow the 
dynamics of acoustic skin properties on the basis 
of predicting the appearance of overstretching in 
integument tissue for each patient. Nevertheless, 
the possible location of overstretching was 
empirically established. 

 The quantitative analysis of mechano- 
acoustic skin properties dynamics in cases of 
the congenitally short femur that is lengthened 

  Fig. 21.1    The shape of the circumferential curve that is 
built at the ends of sound velocity vectors in the skin of 
the shortened thigh before lengthening ( shaded area ) in 
extension of the adjacent joints (180°). The white acoustic 
fi eld with a similar circumferential curve in the skin of the 
same thigh in maximal fl exion of the adjacent joints. 
Female patient, 17 y.o. Congenital shortening of the right 
femur; before lengthening. Ordinate – C(z), abscissa – 
C(x), C(45) and C(135) in the Cartesian system of coordi-
nates correspond to quadrants I and IY       
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with the method of bifocal distraction osteo-
synthesis demonstrated the following. The 
measurements of SWS in the skin of the length-
ened thigh in the areas adjacent to the osteot-
omy line during distraction enabled to estimate 
its acoustic heterogeneity. The coeffi cient of 
heterogeneity (ratio of the SWS in the longitu-
dinal direction to the value in the transverse 
direction) for the upper third of the thigh (A B ) 
was 1.5, while for the lower third it was (A H ) – 
1.4. Before application of the fi xator to the 
limb, they were as follows, A B  = 1.1 and A H  
=1.0. It is associated with the growth of the 
SWS both in the upper and lower thirds of the 
lengthened thigh, moreover during the fi rst dis-
traction month the SWS grew by the longitudi-
nal orientation of the sensor (Fig.  21.4 ).

   The SWS in the skin of the upper third of 
the thigh continued growing already in the 
transverse direction by further lengthening. A 
more increased coefficient of anisotropy was 
detected in one patient whose age was 6 years 
(patient C, 6 y.o). The lengthened amount 

achieved 7 cm, and the coefficients A B  and A H  
reached 1.7, though the increased SWS in the 
longitudinal direction in this patient was com-
patible with the speed values in the whole 
group and was equal 118.5 ± 4.0 m/s in the 
upper third of the thigh and 127.8 ± 3.2 m/s in 
the lower one. 

 On the whole, the coeffi cients A B  and A H  were 
1.4 и 1.3 by 1 month of fi xation, and by 2.5–3 
months they were 1.1 и 1.0 respectively in the 
group of patients who underwent bifocal osteo-
synthesis. As far as the distraction forces in the 
system fi xator-limb continued to decrease by the 
end treatment, a gradual recovery of anisotropy 
character to the initial one was noted by the end 
of fi xation period. It proves that rapid restoration 
of acoustic skin properties of a congenitally short 
thigh takes place at the stages of lengthening by 
the Ilizarov method and testifi es the transition of 
the skin, being a biological tissue-composite, in 
the biomechanical system “fi xator-limb” from a 
stressed deformed state into the state of 
relaxation.   

a b c

  Fig. 21.2    Case of thigh skin overstretching (striae) in the 
conditions of Iliarov bifocal distraction osteosynthesis 
(stiae are shown with the white circle). ( a ) Before 

 lengthening ( b ) 12-months after lengthening of the right 
femur ( c ) Fixation period (48 days). Bifocal lengthening 
of the right femur by 10 cm       
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    Conclusion 

 Skin integument has a high potential to 
stretching. Anisotropy, both structural and 
biomechanical properties of the skin are the 
most important properties [ 1 ,  3 ,  5 ,  8 ,  9 ]. Skin 
as a composite material in response to dosed 
stretching (distraction) during operative 
lengthening shortened limb is moving into an 
oriented stress- strain state. However, skin 
overstretching is possible and appears like 
striae, can be painful and impairs the appear-
ance of the lengthened limb in cases of recon-
structive and restorative treatment of patients 
with congenital malformations with a rela-
tively large amount of bone shortening and 
soft tissue defi cit. The overstretched areas can 
be located in various sites and develop with a 

higher probability in the skin regions that have 
lower thickness. The clinical observations 
have shown:

    1.    Multistaged lengthening of congenitally 
short femurs with the technique of bifocal 
distraction osteosynthesis have a higher 
probability to cause the development of 
striae as compared to other Ilizarov 
techniques;   

   2.    The signs of skin overstretching of the 
lengthened thigh skin in lower limb con-
genital anomalies in adults can develop 
more frequently than in children and ado-
lescents. One of the explanations is a lower 
plasticity and regeneration potential of 
integument tissue in adults.   

  Fig. 21.3    Another case of thigh skin overstretching 
(striae) in the conditions of Iliarov bifocal distraction 
osteosynthesis (stiae are shown with the  white circle ). 

Female patient, 35 y.o. Bifocal lengthening of the left 
femur by 8 cm. 45 days of fi xation       
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   3.    The sings of skin overstretching during 
distraction in cases of congenital growth 
disturbance and malformations of the 
upper limb occur much more rarely than in 
cases of lower limb malformations. The 
lower limb skin striae can be preserved 
from 12 to 24 months, but gradually 
become less noticeable. The prediction of 

striae development in the skin for manage-
ment of big amounts of limb segment 
shortening requires further study. It is 
important to reduce the period of fi xation 
in the system “Ilizarov apparatus – limb” 
for the earlier rehabilitation after recon-
structive and restorative treatment by 
Ilizarov.    
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  Fig. 21.4    ( a ) Same patient. On the right. The shape of 
the circumferential curve that is built at the ends of sound 
velocity vectors in the skin of the shortened t lengthening 
thigh. ( b ) Same female patient. Symmetrical area in the 

intact limb. The shape of the circumferential curve that is 
built at the ends of sound velocity vectors in the skin of 
the intact thigh       

 

L. Grebenyuk and E. Grebenyuk



251

        References 

     1.    Vexler A, Polyansky I, Gorodetsky R. Evaluation of 
skin viscoelasticity and anisotropy by measurement of 
speed of shear wave propagation with viscoelasticity 
skin analyzer. J Invest Dermatol. 1999;113(5):
732–9.  

    2.    Thacker JG, et al. Practical application of skin biome-
chanics. Clin Plast Surg. 1977;4(2):167–71.  

      3.   Shevtsov VI, Grebenyuk LA, Popkov AV, Grebenyuk 
EB. Dynamics of acoustic properties of skin integu-
ment and hydroxyproline content during surgical 
treatment of congenital limb malformation. Vestn 
Ross Akad Med Nauk. 2009;(6):37–43.  

   4.   Grebenyuk LA, Kobyzev AE, Grebenyuk EB, Ivliev 
DS. The technique for skin plasticity reserve assess-
ment in patient with orthopedic pathology. Med Sci 
Educ Urals. 2013;(4):11–8.  

     5.    Grebenyuk LA. Analyzing the impact of increased 
physical loads on the microcirculation and mechani-
cal–acoustic properties of human limb skin. Hum 
Physiol. 2014;40(4):470–3.  

    6.   Sarvazyan A, Ponomarjev V, Vucelic D, Popovic G, 
Veksler A. Method and device for acoustic testing of 
elasticity of biological tissues. USA Patent No 
4,947,851, 14 Aug 1990.  

   7.   Popovic G, Sarvazyan AP, Ponomarev VP, Vucelic 
D. Method and device for non-invasive acoustic test-
ing of elasticity of soft biological tissues. USA Patent 
No 5,115,808, 26 May 1992.  

     8.    Sarvazyan AP. Chapter 5, Elastic properties of soft tis-
sues. In: Levy M, Bass HE, Stern RR, editors. 
Handbook of elastic properties of solids, liquids and 
gases, vol. III. New York: Academic; 2001. p. 107–27.  

    9.    Ruvolo EC, Stamatas GN, Kollias N. Skin vescoelas-
ticity displays site- and age- dependent angular anisot-
ropy. Skin Pharmacol Physiol. 2007;20(6):313–21.      

21 Express Diagnosis of Mechano-Biological Limb Skin Condition



   Part IV 

   Biomechanics of Bone Growth 

       



255© Springer-Verlag London 2016 
D.G. Poitout (ed.), Biomechanics and Biomaterials in Orthopedics, 
DOI 10.1007/978-1-84882-664-9_22

      Biomechanics of the Spine During 
Growth                     

     J.     Dubousset     

       Biomechanism of the spine start as soon as the 
conception of one individual start as soon as the 
primary gamets meet together because their DNA 
bring with them all the genes necessary to deter-
mine the unique aspect static and dynamic of this 
spinal organ so important for the erect bipedal 
posture which is the basic characteristic of the 
human. 

 Each person is unique, even if we fi nd some 
general characters common to many, it is always 
with a large range of variations that defi ne so the 
normality. 

 The growth of the spine start before birth, then 
continue all along the infancy and childhood until 
the end of adolescence with the so called growth 
spurt making the fi nal touch to the entire pro-
gram. Each phase of this growing time is differ-
ent from the previous one because of the size of 
the elements but also because of the physical and 
biological characters of the tissues involved. 

 Finally according to all the genetics, the young 
adult produced by the end of growth will have the 
harmony in the space, not only for cosmesis, but 
mainly for function as well as rest or during the 
effort and protection of the nervous system a 
major role of this spinal organ. 

 The spinal organ is from an anatomical point 
of view made of bone structures, the vertebrae, 
linked by intervertebral disc and ligamentous and 
muscular formations. Its goals are double : fi rst is 
to give static and dynamic conditions for the 
trunk considering that the fi rst vertebra from a 
biomechanical point of view is the entire head 
with its proper weight and location (remember 
that the occipital bone is coming from the fi rst 3 
cephalad somites), so we can call it cephalic ver-
tebra. Doing so we must consider also that the 
entire pelvis is the last vertebra (pelvic vertebra) 
intercalary bone between trunk and lower limbs 
with a strategic role as well for standing as for 
sitting position. Second as we already know, it is 
all the structures surrounding and protecting the 
nervous central structures and especially the spi-
nal cord. 

    Embryology 

 It is important to remember the various embryo-
logic stages during the fi rst month of life because 
as soon as the 15th day after conception, the 
embryo (1,5 mm length) look like an embryonic 
disc with its 3 leaves ectoblast, mesoblast, endo-
blast, and from that 15th day the neural gutter 
starts and is perfectly established upon the ecto-
blast and at day 20th start also to close at the 
middle part giving the neural tube. Closure of this 
neural tube occurs more quickly on the cephalad 
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side (26th day) than on the caudal (28th day). It is 
during this time that (under the infl uence of the 
notochord) the mesoblast will organize. This 
notochord realize the longitudinal axis and 
around it vertebral bodies will organize the meso-
blast paraxial will became segmented giving the 
fi rst somites at the middle part of the embryo. In 
reality because of the important development of 
the cephalic and brain part of the embryo this 
level fi t with the occiput. Then segmentation con-
tinue in direction of the caudal region and the 
human embryo at the end of the 5th week after 
gestation counts 42 pairs of somites half on the 
right, half on the left. These somites will give the 
future vertebrae and the muscles (myotome). 

 At the beginning of the 4th week, it is easy 
to see cells from the medial border of these 
somites that migrate around the notochord to 
built the outline of the vertebra, the remaining 
cells spreading out laterally to give the muscles, 
especially the paravertebral muscles. So as 
soon as the 28th day when the caudal neuropore 
is closed, spinal segmentation is already per-
fectly achieved. At this purely mesenchymal 
stage, all the vertebrae are perfectly organized 
and from anatomical point of view everything 
is already done. At the same time, coming from 
intermediate position of the mesoblast, the 
future nephrotome so kidney organ will develop 
as well as the cardiac and great vessels 
structures. 

 Then from mesenchymal appearance, it will 
happen chondrifi cation and fi nally ossifi cation is 
starting as soon as 2d month of in utero life to end 
in adulthood around 18–20 years old. 

    Biomechanical Consequences 

 So it is clearly understandable that any trouble 
during this embryologic phase will disturb 
future biomechanics. For example congenital 
malformations leading to instability by missing 
levels of bone, cartilage, or soft tissues, or 
because malalignment with kyphosis or lateral 
curvature with related consequences as failure 
of segmentation, bars, exist at that age and will 
disturb such growth during the following phase.   

    Vertebral Growth in Space and Time 

    Vertebral Growth from Enchondral 
Ossifi cation 

 Figure  22.1  The model from cartilage starts to 
ossify as soon as the 2 months of IU life. The 
ossifi cation points exist at the level of vertebral 
bodies, posterior arches, laminae spinous and 
transverse processes. They determine real growth 
plate already perfectly visible at birth where only 
30 % of spinal ossifi cation is achieved.
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  Fig. 22.1    Growing cartilage of a vertebra. ( a ) Vertebral 
plateau. ( b ) Bipolar cartilage = neurocenral cartilage. ( c ) 
Posterior elements apophyseal cartilage.  P  periosteum,  R  
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       Vertebral Growth Plates 

 Each vertebra has many growth plate levels, but 
these are harmoniously located and coordinated, 
so that growth is realized in 3D and is perfectly 
harmonious. 

 Each vertebral plateau has its own growth 
plate, so one superior, one inferior, for each ver-
tebra, giving vertebral growth in length with the 
rate of 1.2 mm/vertebra/year for lumbar region 
and 0.9–1 mm for thoracic region. 

 The neurocentral cartilage is a very important 
one that allows the junction between anterior 
body part with the posterior elements. It is a bipo-
lar cartilage giving AP growth as well horizontal 
growth. They are located vertically, one right, 
one left, from the neural canal between the two 
plateau. The junction between vertebral plateau, 
cartilage and neurocentral cartilage, it is really an 
unique region when 3D growth is perfectly 
determined. 

 They will close between 8 and 12 years even 
more. It is clear that the unilateral closure of 
these cartilage lead to horizontal deformity giv-
ing typically a scoliosis. 

 The growth around posterior arch has a proper 
growth really linked to the neural tube evolution. 
Secondary ossifi cation centers appears at the tip 
of spinous process transverse, facets joints and 
work under the infl uence of ligaments and mus-
cles insertions. It is important to notice that pars 
inter articularis is already ossifi ed at birth. 

 Generally fusion of spinous process on the 
middle line occurs at age 1, fi rst in the thoracic 
area, then progress to lumbar and sacrum. 
Reversely ossifi cation is active for atlas at age 2 
and axis at age 4. 

 The size of the spinal canal remodel through 
construction – destruction process and has reached 
adult age size at age 5. This is an essential point 
for pathology allowing to perform for example 
circumferencial fusion on a small child without 
fear [ 1 – 3 ]. 

 Finally as soon as age 10 appears at the supe-
rior and inferior plateau border a ring apophysis 
that ossify slowly according an apophysis front to 
back and fuse with the vertebral body between 18 
and 25 years old.  

    Vertebral Growth Over Time 

 Figure  22.2 : As it very well represented in the 
excellent book of Alain Dimeglio [ 4 ], spinal 
growth is exponencial from 0 to 5 years old. At 
that age, we must remember that 70 % of sitting 
height as achieved in girls and 66 % in boys. The 
gain is 27 cm for upper segment in 5 years (12 cm 
for the fi rst year, 5 cm for second year, 4 cm for 
third year and 3 cm for 4th and 5th years). 
Between 5 and 10 years old, growth is more quiet 
2–3 cm/year. At 10 years old 80 % of fi nal height 
is acquired. Then growth spurt occurs with a 
4.5 cm/year of growth in mean for the upper seg-
ment, then a deceleration more slow and variable 
from one patient to the other. Notice that the 
amplitude of such growth spurt is higher in boys 
(2 cm/year more) than in girls. But growth spurt 
is always delayed 2 years in boys according 
chronological age.

   We must remember also that at the time of 
growth spurt, the speed for each vertebra is 
1.2 mm for thoracic and 1.6 mm for lumbar 
between 13 and 16 years for example. 

 Another item about T1 S1 size is important for 
biomechanics : Thoracic segment represent 2/3 
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and lumbar segment 1/3. But T1 S1 represent 
50 % of sitting height. It is why it is important to 
know the maturation of bone and cartilage for 
spinal growth. Bone age of the hand is less help-
ful than Risser sign that remain an important 
marker; linked with the closure of triradiate carti-
lage (corresponding more or less to Risser +), 
linked and correlated to closure of the cartilage of 
the elbow, but also correlated to sexual matura-
tion (pubic hair, breast in girls, testis volume and 
beard in boys). All this give an idea of the status 
of the patient at the time of examination allowing 
to approach the real vertebral age because none 
of these sign is absolute by itself, large variation 
may exist from one individual to another and if 
we multiply the signs we can reach more close 
measurement. 

 Finally it is very important to remember tho-
racic cage growth very much related to spine : 
From new born to adulthood, thoracic cage vol-
ume is multiply by 14 and 50 % of the fi nal vol-
ume is achieved by age 10. 

 Notice that growth of the thorax in volume 
continue to increase during 2 years after end of 
spinal growth.  

    Biomechanical Consequences 

 We have many growth tables, charts, to help to 
control development of the spine and the thorax 
according age. 

 This help a lot to decide for example what is the 
good time to perform fusion when deformity and it 
is important to recognize the loss of height we can 
accept by doing so fusion, especially if it is 
extended to the thoracic area. For example, if we 
fuse the entire thoracic area in a boy of 10 years 
old, we remove 6 cm of thoracic height and if we 
do the same at the lumbar area, we remove 3.6 cm. 

 A typical consequence for biomechanics of the 
spinal growth in space as well in time is  the crank-
shaft phenomenon  (Fig.  22.3 ). That is the phe-
nomenon complicating some treatment in the 
pediatric spine. It is seen when isolated posterior 
fusion is realized on a scoliotic immature spine. In 
spite of a solid posterior fusion, we can observe a 
progressive bending of the fusion mass because of 
the continuation of the anterior growth. This is 
explain clearly biomechanically because the 
growth plate on the front are deviated laterally but 
continue to grow and make progression of the 

  Fig. 22.3    Crankshaft 
phenomenon. A solid 
posterior fusion on a 
growing scoliotic spine 
play a role of posterior 
tether on a distorted 
element and the 
continuation of anterior 
growth ( arrow ) increase 
the rotational deformity. 
Prevention is of course 
anterior convex 
epiphysiodesis (at the 
opposite side of the 
posterior fusion)       
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deformity until growth is completed. It is why the 
treatment come really from biomechanics : it is a 
preventive anterior epiphysiodesis done at the 
same time as the posterior fusion and on the same 
levels [ 5 – 7 ].

       Importance of the Soft Tissues 
Component of the Spinal Organ 

 Even if soft tissues (discs, ligaments, muscles) 
are almost half part of the anatomic structures of 
the spinal organ, their study is less developed 
than the one on the bone and cartilage side. 

 Nevertheless their quality appears very impor-
tant about fl exibility or stiffness even in some 
case laxity and instability. 

  The defi nition of instability  is still controver-
sial and involve as the bone and cartilage part 
coming from the joints facets and disc space 
structures as well as the soft tissue part coming 
from disc space structures, capsules, ligaments 
and muscles. The quality of these tissues depends 
mainly of genetic aspects of their basic molecular 
structures, especially connective tissues, colla-
gen, as well as elastic tissues. 

 From early childhood, one can recognize the 
elastic component of the tissues with hyperexten-
sion of the thumb or hyperlaxity of the joints. 
This may contrast to joint stiffness with a 
decrease of normal motion. It is the same on mus-
cles displacement and range of motion, every-
thing is individual. 

 It is clear that with age maturation of the soft 
tissues occurs but are much less studied and 
known than bone and cartilage maturation. For 
example hypermobility Is more frequent in early 
age allowing from time to time hypermotion, 
making discussion with instability like C2 C3 
fl exion extension test where we can fi nd such 
over alignment considered physiological. 

 On the other hand one can have large amount 
of displacement in severe neck injury in infants 
giving spinal cord injury without any bone 
fracture. 

 Of course the relative higher weight of the 
head in an infant related to the entire body can 
play a role in these problem. But it is also sure 

that with time this hypermobility decrease unless 
a real pathological connective tissue pattern 
remain such as in Ehlers Danlos or Marfan 
disease. 

  The biomechanical importance of the stabil-
ity of the spine and the permanent mixture 
between bone and cartilage and soft tissue con-
ditions  is well demonstrated by the  consequence 
of laminectomy in growing child . A biomechani-
cal study has been made in spinal columns of 
neonate and children by measuring intradiscal 
pressure of the specimen submitted to constant 
load in the normal specimen fi rst then after 
removal one by one of the posterior structures. 
Starting with only removal of the interspinous 
ligament the pressure start to increase then one 
side ligamentum fl avum then both side then one 
facet joint then second facet. This demonstrate 
clearly that the pressure inside the disc space 
was increasing constantly as we produce increas-
ing posterior destruction of the stabilizing ele-
ments with subsequent increase in kyphosis 
(Fig.  22.4 ) [ 8 – 11 ].
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   This experiment corroborate perfectly with 
our observation in pathology in children with 
instability and kyphosis increasing also con-
stantly. Finally the hyper pressure on the disc 
space transmit to the growth plate of the bodies 
and delay growth potential because of the hyper 
pressure and change completely the aspect of the 
body becoming cuneiform with decrease of ante-
rior growth and progressing kyphosis. 

 Prevention by laminoplasty instead of lami-
nectomy when possible consisting to replace the 
posterior elements removed “en bloc” after the 
neurosurgical intra spinal work associated with 
proper immobilization giving proper healing pre-
vent kyphosis and secondary growth disorders. 

  The importance of the soft tissue maturation  is 
also well demonstrated by a group of scoliotic 
curves where non surgical treatment was started 
after end of most vertebral growth done (Risser 
+++ or ++++) and continued over 1 year after 
completion of bone maturation. In the group of 
patients in spite of complete bone maturation 
improvement of the curve was maintained after 
removal of the brace : so the only explanation can 
come from maturation and stiffness that occurred 
on the soft tissues of such scoliotic spines [ 12 ]. 

 The importance of soft tissue factor in the 
growing spine with a combination of ligamen-
tous, muscular, and nervous components simulta-
neously injured during the treatment of some 
tumoral disease of the chest in paraspinal area like 
neuroblastoma is also easy to demonstrate. 

 In a child when such removal on intercostal 
space including from time to time one or two ribs 
and subsequent intercostal neurovascular bundle 
is done, the result is invariably a spinal deformity 
convex toward the side of the injury. 

 It is not a question of bone, but only a question 
of soft tissue defect giving slight instability on 
the ligament linking 2 or 3 spinal segments and 
localized difference on bone pressure of the 
growth plate secondary to paralysis of posterior 
muscles leading to deformity. Even if radiation 
therapy is given with the disastrous effect well 
known on the growth plate, the deformity is still 
convex to the side of the soft tissue injury. 
Reversely for Wilms tumor in a child treated with 
surgery and radiation, the deformity is secondary 

to asymetrical radiation because there is no 
involvement of paraspinal muscles and the effect 
of asymetrical radiation on growth plate give a 
deformity concave to the side of the injury. These 
two examples demonstrate well biomechanics of 
the bone as well as biomechanics of soft tissue on 
a growing spine [ 5 ,  10 ].   

    Setting Up of the Erect Posture 
and Its Consequences 

    Getting the Erect Posture in Humans 

 As we know at birth the sagittal spine shape 
looks like a gentle C arcuature [ 13 ]. When the 
child start to be on his prone position the heavy 
head start to be lifted up and the cervical lordo-
sis develops. The next step is walking on the 
upper limbs and knees (“crawling four feet”) 
and cervical lordosis increase as well as lumbar 
lordosis initiates. Then when he stops, he starts 
to lift up the upper limbs and raise his back on 
the knee fl exed, but hip extended and so lumbar 
lordosis progress to be established. Then he 
stand up with proper cervical lordosis, thoracic 
kyphosis and lumbar lordosis. The erect posture 
is so acquired and will develop all along child-
hood and adolescence to the adult age.  

    Maturation of the Central Nervous 
System 

 It is during that phase of setting up the erect 
posture that the maturation of the nervous system 
take place. At birth it is well known that the 
nervous system is not completely developed and 
still immature especially about the myelinisation 
of the central nervous area. 

 The coordination and achievement of balance 
continue to extend during a large part of childhood. 
The postural balance integrate sensori stimuli com-
ing from eyes, ears, vestibular and proprioception 
is established with proper automatic function com-
ing from the motor reaction of muscles surround-
ing joints themselves getting information from 
receptors inside the capsules or tendons. 
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 We still don’t known exactly what are the 
neurohormonal transmitters working on the pos-
tural balance at the level of the relationship 
between right and left brain and the function of 
hypothalamus. 

 This is a way of research developing around 
the etiopathogeny of idiopathic scoliosis with the 
experiment done with the pineal gland, neu-
rotransmitters function, as well in bipedal animal 
where scoliosis exist and can be reproduced and 
quadrupedal animals where scoliosis don’t exist 
and cannot be reproduced experimentally with 
neurological lesion done distant from the spine 
itself [ 14 ]. 

 The maturation of this nervous system play 
probably a great role in the idiopathic scoliosis 
and may explain why some real infantile severe 
curves can regress completely with a pure non 
surgical treatment (brace or cast for example) 
and some even spontaneously, even with some 
remnent of the deformity with wedged verte-
brae included in a straight spine. And also 
explain in case of persistent immaturity of the 
nervous system why some other malignant 
cases cannot correct with the same kind of 
treatment.  

    Biomechanical Consequences 
of the Erect Posture in Children 
and Adolescents 

 Of course the concepts recognized and developed 
here for the growing spine by the author are eas-
ily adaptable for adult spine. 

    Static and Dynamic 3D Balance 
 If we consider the erect posture in a human (as in 
a young or an older child or an adult), we know 
that in a standing position, both feet are pushing 
on the ground and delineate a surface ellipsoidal 
called the polygon of sustentation (Fig.  22.5 ). If 
you consider the same human at any age seated, 
you have the same polygon of sustentation now 
looking like a frame done with both thighs and 
ischial tuberosities.

   Either standing or sitting from the center of 
this polygon of sustentation, if you draw the 

orthogonal line, you have all your body includ-
ing the head aligned harmoniously within this 
line realizing such gravity line with a patient in 
a good 3 dimensional balance. Anatomically on 
the sagittal plane this line goes from tragus to 
the center of this polygon and the spine is har-
moniously aligned with cervical lordosis, tho-
racic kyphosis, lumbar lordosis, suffi cient pelvic 
tilt, hips extended and knee extended with the 
ankle joints at more or less 90° from the ground. 
This is defi ned like a balanced spine where the 
spinal curvatures balance themselves in oppo-
site direction to achieve harmony and function 
with the head projecting inside this polygon of 
sustentation. 

  When the patient is seated , it is the same with 
the head entirely balanced to the center of the sit-
ting frame and the spinal curves adapting to the 
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  Fig. 22.5    Standing posture planes of reference and poly-
gon of sustentation. (1) Polygon of sustentation. (2) 
Orthogonal gravity line.  R  sagittal plane,  H  horizontal 
plane,  C  coronal plane       
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proper pelvic tilt necessary to compensate the 
absence of lumbar lordosis or the kyphotic lum-
bar deformity. This balance is defi ned static when 
no motion at all is observed but in human there 
are constant motion within this surface of poly-
gon in a 3D manner.  

    Cephalic and Pelvic Vertebra Concept 
 Resulting from the previous 3D balance, we con-
sider the entire head with its own mass and 
weight (# 4.5 or 5 Kg) like the fi rst vertebra 
(Figs.  22.6  and  22.7 ). This weight lying at the top 
of the spinal construct is almost always moving 
and realize like a gyroscope to maintain the bal-
ance [ 13 ,  15 ,  16 ].

    Simultaneously the entire pelvis (because of 
the minimal movement inside the sacro-iliac joint 
less than 1.5° motion unless pregnancy where it 
can reach 3.5° of motion) can be considered like 
one unique vertebra, the last of the spine and like 
an intercalary bone between trunk and lower 
limbs. 

 Doing so when a global thoracic kyphotic 
deformity occurs, the pelvic vertebra can com-
pensate by anterior tilt realizing a compensation, 
lordosis at the lumbar level, etc. This pelvis ver-
tebra has 6° of freedom for each hip joint and the 
same for lumbo-sacral junction. 

 It is interesting to notice here various work 
about this pelvic vertebra because it has been 
proven that the  proper anatomy of this pelvic 
vertebra  play a great role in the amount of lordo-
sis necessary to achieve balance, especially in 
the sagittal plane. The angle between the center 
of femoral head and the orthogonal projection to 
the center of S1 superior plateau determine the 
 Incidence . The variation of this angle is observed 
generally between various patients with no more 
than 12–15° variation. It is also remarkably sta-
ble during life and very few or almost no change 
after age 5. This angle determine the amount of 
lordosis necessary to get a good sagittal bal-
ance. The incidence represent in reality the 
positioning of the SI joint in the space regarding 
the one of the femoral heads. This explain the 
wide variation we can get between male and 
female and morphotype of patients (thin and tall 
or short and wide).  

    Concept of the Conus of Economical 
Consumption and Economical Function 
 If we consider the human body in a standing (or 
sitting) posture, the feet are located within the 
polygon of sustentation, the body under the 
infl uence of muscle function can move in a coni-
cal fashion without moving the feet (Fig.  22.8 ). 
The maximum variable amplitude are at the 
 pelvic and the head levels, we can determine a 
maximum cone when muscles are working at 
their maximum of excursion and strength to 
maintain balance. But also we can determine a 
smooth cone when muscles are working at their 
minimum in some cases almost nothing to main-
tain balance mainly achieved by the passive bal-
anced stretching of discs, ligaments and soft 
tissue structures with the minimum of muscle 
action. This is obtained when the body is well 
balanced within this smooth cone, the muscle 
function is economial. When the body is out of 
balance, we must anticipate a permanent curd 
costly muscle function [ 13 ,  15 ,  16 ].

       Biomechanics of Ligaments, 
Aponevrosis and Muscles Surrounding 
the Spine for Static and Dynamic 
Function During Erect Posture 
 One must distinguish two groups of soft tissues 
structures:

•     Ligaments and aponevrosis  (not only within 
the spine itself, but also concerning the entire 
body of the trunk) will determine like a net of 
more or less rigidity within the large thoraco- 
lumbar fascia. When all these fi bers are 
stretched then the net is rigid and stable. When 
these fi bers are relaxed then everything can 
occurs, especially when speaking about 
motion and passive motion is only limited by 
the passive tension of these structures [ 16 ,  17 ].  

•    Muscles  : the muscles of the trunk around the 
spine are of two types, the ones very close to 
the spinal body structures like interspinous, 
paraspinous, multifi dus, transverse, and the 
ones relatively away from the spine like 
abdominal muscles, ilio-costalis, longissimus 
dorsi, longissimus lumborum…Each one of 
these muscles may have two main functions.    
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Pelvic obliquity
and scoliosis

The entire pelvis is considered
like one unique scoliotuc vertebra

  Fig. 22.6    Coming from the study of pelvic obliquity and scoliosis, the entire pelvis must be considered like one unique 
vertebra       
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  Fig. 22.7    The entire head must be considered as the cephalic vertebra and the pelvis as the pelvic vertebra acting as an 
intercalary bone to achieve balance       

A
A

B

  Fig. 22.8    Concept of 
the conus of economical 
function in standing 
position. ( A ) Maximum 
of function before 
falling down. ( B ) 
Economical function 
where the spine is 
balanced with almost no 
muscle action       
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  Some are working like a string  pushing pull-
ing two elements one against the other.  Some are 
working like a ball expanding inside the net  and 
tensioning strongly the inextensible fi bers of the 
network. 

 The fi rst function (string or pump) is mainly 
devoted for motion and mainly voluntary, but the 
second one (ball type) is mainly devoted for 
 posture and especially economical posture and 
they are mainly automatically working (Fig.  22.9 ).

   One can understand why the automatic sys-
tem is of importance with short refl ex coming 
from this erect posture where the human want 
always to get or recover the horizontal gaze 
whatever the spinal deformity. There are a com-
plex automatic net of short refl exes from visual 
vestibular as well as mechanical extensor fl exor 
muscle and ligaments receptors origin to achieve 
erect posture. 

 It is probably very close system that allow to 
acquire walking. Because walking is a permanent 
search of balance after the instability induced by 
the fi rst step. It is why patient that are not able to 
stay seated in an erect posture on the side of a 
table are not able to walk because the muscles 
function of their erect posture giving stability as 
well as motion of their spine is not achieved. It is 
the same reason for some diplegia cerebral 

 palsied patients are not able to stop during walk-
ing in the middle of the room without help of 
upper limbs on a stable support.   

    Development of the EOS System 

 All these previous concepts were at the basis of 
the development of the EOS machine. 

 Thanks to the invention of Georges Charpak 
(Nobel Price of Physics 1991) who designed 
the detectors to use the x-ray with a very sig-
nifi cant reduction dose eight to ten times less 
than conventional x-ray for 2D imaging, we 
were able to purpose in conjunction with 
E.N.S.A.M. engineers in biomechanics in Paris 
and L.I.O. engineers in biomechanics in 
Montreal, to built a device able to scan the 
human head to feet in standing position simul-
taneously AP and lateral [ 18 ]. 

 This is the EOS machine where scanning is 
done for the whole skeleton in about 15–20 s. 
From this thanks to a proper software a surfacic 
3D reconstruction of the whole skeleton is done. 
Accuracy was compared for similar patients and 
various specimen to the 3D reconstruction 
obtained from CT scan conventional 1 mm slices. 
Accuracy was measurement as good as the one 

A

B B

A´  Fig. 22.9    Concept of 
“string” and “pump” 
function of the muscles 
surrounding the spine. 
( A ,  A ′) String function 
moving the bone. ( B , 
 B ′) Pump function 
expanding and 
tensioning the net of 
aponevrosis of the 
postero-lateral spinal 
muscles       
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coming from CT, but the reduction dose was 
enormous from 800 to 1000 less. 

 Thanks also to the introduction in the machine 
of a force plate the real functional study of the 
patient was possible in 3D. This was not only to 
study the spinal structures alignment, deformi-
ties, correction of them after surgery or worsen-
ing, but also to study balance and compensation 
from one part of the skeleton to the other one. 
The view from the top is unique to measure all 
the horizontal plane phenomenon that is rota-
tional deformities of the lower links, of the pel-
vis, of the spine, of the head. 

 The very powerful role of the pelvic vertebra 
in the compensation of lumbar or thoracic spinal 
deformities become evident and really seen and 
measured. For example, in the aging spine the 
role of the pelvis which is often a starting point in 
the beginning of the decompensation is clearly 
demonstrated. 

 The only limitation of use of this device is 
the very young age of the patient, when he is 
unable to remain still and quiet for the time of 
the scan (20 s for an adult 1.70 m, 10 s for a 
child 1.00).   

    Application to the Common 
Pathology of the Growing Spine 

 Pure sagittal deformity is easy to understand 
because there are no deviation in the horizontal 
plane neither in the coronal plane. 

  Deformity may be regular  in kyphosis or lor-
dosis that is variation from normal but occurs at 
every level and determine an apical zone that is 
the most deviated from the gravity axis that is 
smooth because very little change from one ver-
tebra to the other one and junctional zone that is 
the zone of transition from one direction (for 
example kyphosis) to the other (for example lor-
dosis). This regular kyphosis with smooth apical 
zone generally don’t create apical compression at 
the level of spinal canal. 

 The main pathology for this is Scheuermann 
kyphosis with various apex, thoracic or thoraco- 
lumbar, very seldom lumbar where hyper kypho-
sis has a subsequent above and below hyper 

lordosis in order to maintain the sagittal balance. 
In contrast for example thoracic hypo kyphosis 
leads to a decrease of normal cervical and lumbar 
lordosis and create a fl at back. From a 3D point 
of view, thoracic hyper kyphosis is generally 
associated with an increase of antero- posterior 
diameter of the chest and vertical orientation of 
the ribs and very few respiratory consequence. In 
contrast, thoracic hyper lordosis is associated 
with a decrease of the AP diameter, horizontal 
ribs and more respiratory compromise leading in 
some cases to intermittent compression of the 
airway and in major cases atelectasia. This 
allowed us to describe the spinal penetration 
index (Fig.  22.10 ) that is the amount of protru-
sion of a real vertebral intra thoracic hump that in 
 normal spine is around 10 % of the surface or 
thoracic volume and can reach 50 % in some 
severe lordotic cases (Fig.  22.10 ). This allow to 
know the useful thoracic volume devoted to the 
lungs and mediastinum structures.

    The sagittal deformity may be angular : that is 
the deformity lies still in the sagittal plane only, 
but on a few levels sometimes only one and  create 

a

b

  Fig. 22.10    Spinal penetration index. Surface or volume 
occupied by the spinal structures inside the thoracic cage. 
Normally around 10 % ( a ). it can reach 50 % in severe 
cases ( b )       
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a sudden change in the alignment of the apical 
zone with subsequent possible compression of 
the spinal canal. Especially the angular kyphosis 
may be associated to instability that may be 
 immediate  when the posterior alignment of the 
vertebral bodies are demonstrating a sudden 
abnormal motion when dynamic imaging is done. 
It may be  potential  when dynamic imaging don’t 
demonstrate abnormal motion but where 
malalignment exist from the beginning. In such 
cases either progression of the deformity with 
growth or sudden mild injury can create a spinal 
cord traumatic lesion [ 1 – 3 ,  19 ,  20 ]. 

  The biomechanics consequence for surgery  of 
such angular kyphotic spine is that when an ante-
rior empty space exist in the front of the spine, it 
is mandatory to supplement the anterior pillar by 
anterior fusion to fi ll the gap and stabilize the 
spine. The stability can be achieved if there is a 
large kyphosis by anterior strut “palissade” graft 
inserted from the bottom of the apex going ide-
ally to the gravity line and so suppressing the 
kyphosing forces (Fig.  22.11 ).

      Scoliotic Deformities 

  The basic structural scoliotic segment  [ 12 ,  16 ] is 
represented by a succession of vertebral units that 
are always located in extension or lordosis from 
one to the next with axial rotation of each verte-
bra always in the same direction. This begins 
with one neutral vertebra (without axial rotation) 
and continue with a successive increase in axial 
rotation achieving maximum axial rotation at the 
apical vertebra of this segment. Then runs down 
with decreasing axial rotation in the same direc-
tion to the end at the next neutral vertebra. This 
movement is called  torsion  (Fig.  22.12 ), the real 
basis deformity, that cannot be located in one 
plane, but has an infi nity of planes. This phenom-
enon is secondary to a rotatory movement which 
is thwarted by the orientation of the pelvis, shoul-
der, and head and involving subsequently all 
bone and soft tissue structures of the spine and 
perhaps each molecule. The 3 dimensional com-
puterized reconstruction demonstrates very well 
the anatomy and also the progression in space of 

a b c

  Fig. 22.11    ( a ) 
Angular rigid kyphosis. 
When by pass strut 
graft ( dotted line ). ( b ) It 
remain kyphosis forces 
( straight arrows ) and a 
gap toward the apex 
( z arrows ). ( c ) To 
suppress it, it’s 
necessary to realize a 
palissade strut graft       
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the deformity with time. This also demonstrate 
that the Cobb angle so widely use measure in fact 
only the collapsing of the spine and not the real 
3D deformity (Figs.  22.12 ,  22.13 , and  22.14 ).

     So a scoliotic spine is made by either multiple 
scoliotic structural segments or by only one sco-
liotic structural segment followed above and 
below by a compensatory (not structural) seg-
ment in order to achieve alignment and balance 
either for standing or sitting posture. That is the 
characteristic of human bipedal status. So each 
one of these segments is linked with the other 
with a junctional zone representing either one 
disc space only or the zone of one disc and the 
vertebra above and the vertebra below or at maxi-
mum a group of two consecutive vertebrae, the 

middle element has a neutral axial rotation while 
the adjacent has an opposite side axial rotation 
from the above to the below. This realize a bal-
anced spine in the 3D (Fig.  22.14 ). It is why the 
maximum of axial rotation in a scoliotic spine is 
located at the apex, but with the minimum of the 
intervertebral rotation (that is the axial rotation of 
two adjacent vertebrae), so apex is the stiffest 
part. Reversely junctional zone is the one with 
minimum of axial rotation, but maximum of 
intervertebral rotation so the most mobile one 
[ 16 ] (Figs.  22.12 ,  22.15 , and  22.16 ).

    This concept was very important in the bio-
mechanical design and use of the spinal instru-
mentation, especially for C.D. instrumentation 
of the many multiples hooks, screws and rods 

JUNCTIONAL

MAXIMUM

INTERVERTEBRAL
ROTATION

JUNCTIONAL

APEX

MINIMUM

Intervertebral rotation

  Fig. 22.12    The basic structural 
scoliotic segment where anterior 
length is greater than posterior 
one at the level of 2 consecutive 
vertebral units       
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systems actually widely used all around the 
world. It is why in reality for correction with 
these systems we always use compression, dis-
traction, rotation, translation, for any correction 
of a scoliotic curve and all the discussions about 
that problem of one using more rotation than 
translation or compression are sterile because all 
mechanisms of correction are used obligatory 
due to the 3D shape of the scoliotic curve. These 
must be analyzed simultaneously AP and lateral, 
each segment replaced in the entire spine 
(Figs.  22.15  and  22.16 ). 

 Two consequences of this three D analysis 
came from these concepts : 

  The rotatory dislocation  of the spine concept 
(Fig.  22.17 ) [ 21 ] that we described already in 
1972 for some dystrophic, congenital or idio-
pathic conditions [ 22 ]. This is realized by the 
junctional zone in between two scoliotic seg-
ments occurring on a weak bone tissue. The basic 
mechanism is at the level of the most dysplastic 
area when located at the junction of two lordotic 
segments, a rotational movement in an opposite 
direction occurs in front of the spinal canal and 
initiates the deformity. As the deformity increase 

TORSION

  Fig. 22.13    Torsion is the 3D characteristic deformity of 
a structural scoliosis       

Lateral view AP view Top view

  Fig. 22.14    3D computerized reconstruction of a scoliotic curve. The top view is particularly well suggestive of the real 
deformity not always recognized from x-rays       
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an expulsive force generated by the rotational 
movement lead to increase deformity in the three 
planes and in some case may compromise the 
spinal cord. But in most of the cases the canal is 
still in continuity without any dislocation, espe-
cially if the dystrophy exists on multiple succes-
sive levels (2, 3 or 4). Then because the canal is 
in continuity and rotating deformity progres-
sively increased, it is obvious that we can use the 
fl exibility of the spine in the other way and if we 
submit traction progressive but constant, we can 
reduce the deformity in a great amount. In addi-
tion when progressive neurological troubles 
appeared subsequent to the progression of this 
kyphosis, they can reverse completely with this 
traction because of the relaxation of the tension 
of the neural structures. Subsequently also stabi-
lization of the spine must be achieved by circum-
ferencial front and back fusion. The anterior 
fusion must be done from the  concavity  
(Fig.  22.18 ) of the coronal deformity in order to 
be in alignment with the gravity line that cannot 
be reached if the approach is done from the con-
vex side. This convex approach in addition bring 
more instability because remove the convex 

 ligaments working in tension and disrupt the 
 tension band given by the ligaments. Here the 
concave struts grafts will work in compression 
and stabilize the spine.

    For idiopathic conditions (Fig.  22.16 ) it is 
exactly the same mechanism occurring on good 
bone vertebrae and the deformities are not so 
important, but just a little and allow to determine 
the junctional zone especially critical to avoid the 
so called junctional kyphosis factor of poor bal-
ance result after instrumentation or for spontane-
ous evolution whatever the level in the spine but 
mainly in upper thoracic or thoraco- lumbar areas 
[ 12 ,  16 ]. 

 It is easy to recognize on AP and sagittal 
x-rays because the apex of the kyphosis lies at the 
junction of two scoliosis curves anatomically 
lordotic. 

  The hyper rotatory kyphosis  (Fig.  22.19 ): this 
deformity is still another basic deformity of the 
scoliotic spine especially in the infantile group. It 
is in reality a paradoxical kyphosis. It corre-
sponds to intervertebral lordosis, but with an 
axial rotation so marked that the lateral scoliotic 
collapse appears on the sagittal plane and the 

Normal
sagittal

Normal
sagittal

Flat back Increasion Kyphotic
scoliosis

Lordo Kypho

Single curve Double curve

  Fig. 22.15    Practical approach to the surgical treatment 
of a scoliotic spine either for simple curve or double 
curve. Global analysis demonstrate well for a similar AP 
view various sagittal possible alignment. So to realize the 

proper fi tting of instrument, it is mentally necessary to 
match AP and lateral aspect globally as well as for each 
segment of the spine and determine apical zone and junc-
tional zone       
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End vertebra
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End vertebra

End vertebra

End vertebra

End vertebra
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End vertebra
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Junctional zone
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Junctional zone
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Junctional zone
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  Fig. 22.16    Analysis to determine the apical zone and junctional zone for idiopathic curves       
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patient looks kyphotic. It is specially apparent 
when viewed from the top in 3D computerized 
reconstruction and easy to recognize on AP and 
sagittal view because the apex of the kyphosis is 
exactly at the same level as the apex of the scoli-
otic curve (Fig.  22.19a, b ).

   This deformity is common for infantile and 
very progressive juvenile scoliosis idiopathic 
curves. But also it is the same in lumbar kyphos-
ing scoliosis in adult and elderly spines. There it 
is mixed with degenerative change in capsules, 
discs and ligaments. For these hyper-rotatory 
kyphoscoliosis the three columns horizontal con-
cept is very important because if the anterior col-
umn disappears or was ejected laterally and 
backward from the gravity line, nothing hold the 
spine in the front and the collapse looks kyphotic. 
So this type of hyper rotatory curve can be cor-
rected through an anterior convex approach with 
detorsion devices following anterior real release 
and instrumentation. The realignment of the 
spine is obtained by correction of axial rotation 
and lateral ejection, this automatically correct the 
sagittal plane [ 12 ,  16 ]. 

 Remember fi nally that this hyper rotatory 
kyphoscoliosis is exactly what we can observe in 
the crankshaft phenomenon already described 

because introduce to the 3D concept, with addi-
tion in the 4th dimension that is time (Fig.  22.19b, 
c ). 

  Paralytic pelvic obliquity  is also a great 
application of spinal biomechanics in a growing 
spine (Fig.  22.20 ) comes directly from the pel-
vic vertebra concept. This pelvic vertebra inter-
calary between spine and lower limbs will be 
displaced in 3D according to the imbalance cre-
ated by the paralysis. It is why obliquity of the 
pelvis must be considered in 3 dimensions and 
displaced from the physiological anatomical 
positioning in relation not only with the amount 
and quality of the paralysis, but also from the 
subsequent contractures more or less symmetri-
cal or asymetrical coming from the paralysis. 
Obliquity of the pelvis must be considered on 
the coronal sagittal and horizontal plane. Each 
displacement in one direction results change in 
the two others. We must distinguish three levels 
of disorders and deformities able to move the 
pelvic posture: they can exist above the pelvis, 
below the pelvis and event inside the pelvis 
itself [ 7 ,  16 ,  23 ,  24 ].

    Above the pelvis reasons  lies in the evolution 
of the lumbar spine with big difference between 
the pelvis continuing the deformity in the same 

a b

  Fig. 22.17    ( a ) The rotatory dislocation of the spine con-
cept. The apex of the kyphosis coincide with the junction 
of the 2 curves on the coronal plane (fi rst dessin left). 

( b ) Increase of the angle of both curves in the coronal 
plane means increase of the kyphosis (second dessin 
right)       
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a

b

c

d

  Fig. 22.18    ( a ) Rotatory dislocation pattern. ( b ) Notice 
the tension band on the convexity. ( c ) When convex 
approach is realized, the tension band of ligaments on the 
anterior part of the spine is disrupted and instability is 

increased, curve must worsen ( arrow ). ( d ) The concave 
side approach with strut grafts stabilize. Notice that they 
are always oblique in the coronal plane       
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  Fig. 22.19    Apparent kyphoscoliosis. ( a ) Hyper rotatory 
type. Apex in sagittal and coronal projection coincide. ( b ) 
If anterior fusion from concavity with by pass anterior 

growth continue. ( c ) Or if posterior convex, the anterior 
growth will continue and create progression (crankshaft)         

a

b

 

J. Dubousset



275

direction as the lumbar spine whatever the plane 
of study. It is the regular pelvic obliquity. 
Reversely the pelvis can be displaced in the 
opposite direction (whatever plane) and we call 
that opposite pelvic obliquity. 

  Below the pelvis reasons  are given by contrac-
tures and paralysis more or less symmetrical or 
asymetrical giving displacement of the pelvic 
vertebra due to these contractures (for example 
hip fl exor contractures giving hyperlordosis and 
pelvic anteversion or adductum or abductum) 
giving displacement in the coronal plane of the 
pelvis. 

 Finally if the paralysis have occurred in a 
young growing child, exactly the same thing as in 
other joint or bone, appears and the deformity 
occurs inside the pelvis itself and one can 
produce bone twisting of the pelvis itself one side 
from the other. Correction of the above reason 
can be achieved with correction of the spine 

itself, correction of the below reason come from 
surgery around the hips, correction inside the pel-
vis can only come from more or less sophisti-
cated pelvic osteotomies. This lead also to case 
of paralytic scoliosis where fusion to the sacrum 
is recommended. This for us has to be done every 
time the pelvis is displaced in the same direction 
as the lumbar curve, or when this displacement is 
even more pronounced, but also when permanent 
asymetrical contractures or paralysis remain at 
the lumbo-pelvic junction. On the opposite, not 
necessary to fuse if L5 is perfectly aligned with 
the pelvis and when no asymmetry exist at the 
lumbo-pelvic junction on the 3D muscle balance. 
These concepts must be remembered when surgi-
cal treatment is achieved in a logical manner 
(Fig.  22.19b ) [ 15 ]. 

 Post laminectomy disorder (Fig.  22.21a, b ): At 
it was already demonstrated when the resulting 
kyphosis lies at only one or two  successive levels, 

c

Fig. 22.19 (continued)
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this gives an angular kyphosis. When existing on 
a long segment many levels involved for example 
the entire thoracic spine, this result with a long 
smooth regular kyphosis. But if the location is 
cervico-thoracic for example laminectomy C5 
D5, then because of the failure of the stabilization 

start to develop kyphosis especially just after the 
junction with normal spine the combination 
weight of the entire head + necessity of the hori-
zontal gaze lead to the well-known swan neck 
deformity progressing all along growth if not 
treated and protected by brace and cast [ 8 – 10 ].

Suprapelvic

Pelvic

Infrapelvic

Regular Opposite

1 1
2 23

a

b

c

  Fig. 22.20    ( a ) In paralytic pelvis obliquity, the reasons 
of distorsion are coming from 3 levels : – above (supra 
pelvic) = spine deformity/Below (infra pelvic) = lower 
limb contracture/Inside (pelvic) = proper distorsion of the 
pelvic unit. ( b ) We must think as well on sagittal plane 
with lumbosacral lordosis or kyphosis as in the coronal 

plane. This allows to have regular pelvic obliquity where 
lumbar spine and pelvis are going in the same direction or 
opposite when pelvis is displaced in the opposite direction 
of the lumbar spine. ( c ) Logical manner to analysis and 
treat pelvic obliquity       
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        Pathological Examples 
of Biomechanics Related to Spinal 
Balance in Childhood 
and Adolescence 

  Fusion to the sacrum  [ 15 ] can give balance and 
favour walking in paralytics, it is the example of 
a paralytic post polio spine fi xed to L4 for scolio-
sis on a patient with complete paralysis of both 
lower limbs. In spite of two lower limbs calippers 
standing posture was not achieved without sup-
port of two crutches. It appears a progressive 
fl exion of the L5 and pelvic vertebra to the front. 
Extending the fusion in a lordotic manner to the 
sacrum allow the patient to get balance and stand-
ing position with the two below hip calippers 
without any support from the upper limbs. 

  Fusion to the sacrum without suffi cient lum-
bar lordosis  (fl at back) [ 15 ,  17 ] can destroy stand-
ing possibility in some muscular dystrophy 
patient. This realizing a fl at back give anterior 
tilting of the trunk and instability. The gravity 
axis runs in front of the femoral head instead of 
going behind. Correction can be made by osteot-
omy of the lumbar fusion giving lordosis or by 
bilateral anterior opening pelvis osteotomy 

 giving posterior translation of the gravity line 
(until lying just behind the center of femoral 
heads) and achieving sagittal balance. 

  L5 S1 spondylolisthesis is a perfect example 
of genetic and traumatic growing spine disorder  . 
For spondylolisthesis in children two types can 
be recognized: (Fig.  22.22a, b ).

   One is secondary to  repeated traumatic stress 
fracture  of pars interarticularis coming from 
overuse, often seen in gymnastics and other rep-
etition sports in young children. The lysis may 
remain without slippage and when the slippage 
start the sacrum is still horizontal and remain 
almost always horizontal. This occurs in reality 
with a genetic factor probably on the shape of the 
pelvis and lumbo-sacral area as we can fi nd 
examples on one or both parents. 

 The other one called sometimes  congenital , 
even if spondylolisthesis generally don’t exist at 
birth, has not the same aspect, very quickly a 
congenital kyphosis occurs at the lumbo-sacral 
area and create a vertical sacrum with very often 
seen local congenital anomalies like spina bifi da 
occulta as well as very short posterior lever arm 
for soft tissues and ligamentous structures 
insertions. 

  Fig. 22.21    Post laminectomy disorders. ( a ) Analysis of 
removal of stabilizing structures and consequences. ( b ) 2 
types of post laminectomy kyphosis. Acute cervical 

kyphosis after short laminectomy. Swan neck deformity 
after long cervico-thoracic laminectomy         
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b

Fig. 22.21 (continued)
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 The one with horizontal sacrum where the sagit-
tal angle constructed by upper part of L5 and 
 posterior part of S1 is above 110° and generally 
don’t progress and very rarely require surgical 
treatment, and the one with vertical sacrum where 
the angle is below 90° realizing a true lumbo- sacral 
kyphosis always progressing and requiring most of 
the time surgical treatment to prevent progression 
and mostly to correct the kyphosis to lordosis and 
fuse the lumbo-sacral junction in a correct position 
of the angle (≥110°) sign of permanent stability 
when fusion is achieved in that good position [ 25 ]. 

  In vivo dynamic evaluation of scoliosis before 
and after surgery and spinal fusion  is another 
demonstration of spinal biomechanics [ 26 ,  27 ]. 

This is done with 3D Vicon camera and studying 
posture as well as motion in the three directions 
for various levels of fusion in idiopathic scolio-
sis. This study has demonstrated that:

•    Pelvic and head posture in a thoracic scoliotic 
curve is very different from control group of 
children same age without spinal deformities.  

•   After surgery the 3D position of the pelvis and 
the head is very different of the posture pre- 
operative showing that compensation of the 
change of the spinal contour in a segmental 
region (thoracic) develop change in head and 
pelvic positioning to achieve balance. It is 
why motion of the hip joints especially for 

a b

  Fig. 22.22    Spondylolisthesis in children. The difference between the horizontal ( b ) and vertical sacrum ( a ) is very 
important for prognosis       
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possible hyper extension is so important to 
allow motion of the pelvic vertebra in the sag-
ittal plan to get this compensatory tilt of the 
intercalary bone in the sagittal balance chain.    

 This is why EOS machine help a lot in the 
vision and can match the 3D reconstruction of the 
entire skeleton in the functional standing posture, 
with the measurements done with the external 
markers like with the VICON system. This 
already gave very new information in the rela-
tionship of the hip joint with the spine [ 18 ].  

    Genetic Factors 

 Genetic factors involve all previous characteristic 
of the growing spine. It is well known on the 
bone and cartilage structures and very much con-
fi rmed in the quality of the soft tissues (hyperlax-
ity, borderline chondrodystrophy, very seldom 
short stature parents give their genes for giant in 
children). Even maturation of the nervous system 
is probably genetically predicted. But we must 
remember that each person is unique because the 
amount of characteristics has been delivered 
genetically with some changes resulting of inter-
action of adjacent genes. 

 This realize some specifi c factors to the grow-
ing spine and differentiate it from adult and from 
other children same age giving them their own 
originality about growth potential, hyper mobil-
ity, adaptation to malleability of the spinal organ. 

  The changing of mechanical properties of the 
structures with age depends also very much from 
genetics  as well as the shape of the sagittal con-
tour that determine the thoracic kyphosis and 
subsequent lumbar lordosis, or the expansion of 
the shoulders and upper limbs full span. Some 
children grow and develop quickly, other more 
slowly . It is amazing to realize that Mediterranean 
girl has menarches around 11 years chronologi-
cal age and Scandinavian around 15 years. The 
variation is individual but genetically predicted. 
It is the same for the quality of regeneration after 
injury of bone, or articular cartilage and fi nally 
also the same for maturation of neuromuscular 
control. 

 It is why better than comparing one child to 
another to give diffi cult table and reference for 
normality, we must understand that normality cov-
ers a wide range of variations and that each child 
must be analyzed individually for all the items 
entering in the defi nition of spinal biomechanics.  

    Conclusion 

 Biomechanics of the spinal organ during the 
growth period is of importance for the func-
tion of the spine during adulthood because it is 
the time when the volume, morphology, levers 
arms of the skeletal structures are getting 
completely achieved before aging. But also it 
is the time when maturation of neuromuscular 
system occurs giving the best possible adapta-
tion to the genetic morphotype of the person 
of the function for erect posture as well for 
standing or sitting or moving performance. 

 Before the end of growth aging starts giving 
other pathological changes that will infl uence 
the spinal organ and subsequent posture and 
function and as usual the infl uence of genetic 
factor for aging is great and we can say that for 
biomechanics in orthopaedic and especially 
for spine, genetic factors and traumatic factors 
are the only reasons for developmental grow-
ing as well as for degenerative aging spine. 

 Finally orthopaedics in general but espe-
cially seen with the scope of spinal physiopa-
thology is really a 3 dimensional science and 
must be understood theoretically but also 
practically in that dimension.     
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Effect of Tension Stress by Surgical 
Lengthening of Limbs with Growth 
Retardation on Biomechanical 
and Functional Properties 
of Tissues

V.A. Schurov

Surgical lengthening of limbs with growth retar-
dation performed according to Ilizarov has 
allowed to recover disproportions of limb growth, 
to achieve 20-cm and more increase of the height 
of patients with achondroplasia, to make cos-
metic correction of body longitudinal sizes for 
subjectively small height. The theoretical sub-
stantiation of lengthening of limbs using the val-
ues comparable to their initial sizes is 
demonstrated in G.A. Ilizarov’s discovery of the 
law concerning stimulating effect of distraction- 
related tension stress of tissues on their regenera-
tion and growth [1].

The increase of limb length in patients con-
tributes to their transfer from the category of 
patients with dwarfish height (below 140 cm) or 
subjects of low height (2δ below mean standard 
values) to the category of people with normal 
body height (Fig. 23.1). Besides, in spite of some 
decrease of muscle functional potentials, step 
length in patients increases (Fig. 23.2), thereby 
giving the possibility to preserve or raise 
24-hourly locomotor activity.

Bone injury is an indispensable starting 
moment for bone regeneration. The time constant 

of regenerative process start in soft tissues 
adapted to the action of axial mechanical loads is 
far greater. In addition, an orthopedist must have 
a clear idea of the fact, what’s the difference 
between natural longitudinal growth of children’s 
limbs and growth of limbs in case of their surgi-
cal lengthening; what biomechanical conditions 
contribute to such a growth, and how much the 
limbs lengthened are functionally proper.

We analyzed the contemporary records of 
treatment of 235 patients with achondroplasia at 
different age when the patients were admitted for 
treatment within the period of 1975–1990 and 
when other institutions had no sufficient experi-
ence of treating such patients, while in the clinic 
of our scientific center optimal conditions for 
treatment were being searched for the purpose of 
achieving maximal lengthening of limbs. Age- 
related distribution of patients’ sample can be 
considered as a quite objective value. Most often 
limb lengthening started at the age of 8–16 years 
(Fig. 23.3).

The analysis of the dependence of maximally 
obtained values of leg lengthening (L, см) on the 
age of treatment start (in patients above 10 years) 
has revealed that these values decrease every year 
(t): L = 20- 0.36 * t, r = −0.950 (p < 0.001). As far 
as the age of treatment start in patients 1 year 
increases, the possibility of relative leg lengthen-
ing is 2 % limited [2].

Average daily rate of leg lengthening at two 
levels simultaneously also decreased as far as 
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patients’ age 0.9 % increased. Fixation period 
duration of the leg being lengthened reflects bone 
tissue regenerative potential and increases as far 
as patients’ age increases (Fig. 23.4).

The facts revealed became a stimulating 
reason for studying the age-related dynamics of 
biomechanical properties of different leg tissues, 
determined by changes in structure and volume 
of soft-tissue elements.

In the process of leg lengthening the amount 
of distraction forces is known to reach from 170 
to 400 N depending on tissue mass [3, 4]. 
Preferable character of «lengthening-strength» 
dependence consists in continuous increase  
of tissue resistance that conforms to their  
elastic deformity preservation. Time periods of 
treatment for such patients are shorter. The fall 

of strengths occurs in case of tissue transfer 
from elastic deformity state to plastic one. In 
this case cavities appear in regenerated bone, 
and muscle contractility after treatment remains 
substantially decreased.

 Techniques to Study Elasticity 
of Skin Integuments 
and Arterial Walls

Study of skin elastic properties was performed 
with a device worked out by us. The technique of 
biomechanical testing proposed allows to mea-
sure the state of leg skin integuments in the 
 process of patients’ treatment. The principle of 
operation of the device for studying  biomechanical 

Fig. 23.1 (a) Scheme of successive stages of treatment of patients with achondroplasia. (b) Chart of the simultaneous 
removal of the tibia and femur
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properties of human common integuments is 
based on measuring degree of skin rotation, pro-
duced by application of tangentially directed 
rotational moment of force. In the simplest design 
of elastometer the moment of force is applied to 
skin surface through a supporting disk precov-
ered with adhesive material (Fig. 23.5).

The device consists of a rod, being an axis, at 
one end of which the supporting disk is attached 
in a stationary way, and a metal plate is attached 
at its other end. A scale is marked in degrees on 
the sector. A pointer serves to read the angle of 
superimposed disk rotation under the influence of 
the force moment applied. A flat spring is con-
nected with the rod free of motion. The scale and 
another pointer are intended for controlling the 
rotational moment required. The disk diameter is 
20 mm, the amount of working rotational 
moment – 6 N*cm.

During testing of skin integuments using 
moments of force over the range of 5–10 N*cm 
the connection between the moments of force, 
the superimposed disk area and the angle of 
skin rotation can be described to an accuracy 
of ±5 % using the following approximate 
dependence:

 
E M a= ( )/ *S ,

 

where Е – indicator of skin elasticity,  
М – moment of force, а – angle of skin rotation, 
S – area of supporting disk.
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Fig. 23.5 The principle of the device to study the elastic 
properties of human skin
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In the limits of acting forces the angle of skin 
rotation is proportional to the moment of force 
applied and inversely proportional to the area of 
superimposed disk and the elastic properties of 
skin integuments. Indicator dimensions are 
expressed in N/(cm*degrees). E indicator is 
inversely proportional to skin rotation angle pro-
vided that both moment of force and superim-
posed disk area are constant.

Elastic properties of leg back surface skin integ-
ument were studied under the condition of physical 
rest in supine position of the subject examined.

It has been revealed that the value of skin integu-
ment elasticity in normal children below 10 years 
increases in proportion to leg length increase. In 
patients with achondroplasia this value is below 

normal one and it increases after limb length surgi-
cal gain, reaching estimated values in the long-term 
periods (above 1 year) after treatment (Fig. 23.6).

Elasticity of leg arterial walls was judged by 
the value of arterial pulse wave velocity (APWV) 
in the region from popliteal fossa to foot. In chil-
dren below 6 years the value traces changes in leg 
length. Subsequently its increase rate is deter-
mined by the number of life years elapsed. In 
patients with achondroplasia APWV increases 
after operative changes in longitudinal leg  
size (Fig. 23.7). During distraction, unlike 
 biomechanical parameters of other tissues, 
APWV value shouldn’t increase substantially, 
contributing to maintain the lumens of blood car-
rying arteries.
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 Dynamics of Tissue Biomechanical 
Properties in the Process of Natural 
Growth and Under Surgical Leg 
Lengthening

The increase of limb longitudinal sizes leads to 
quantitative and qualitative changes in develop-
ing muscles. Specifically, the values of contractil-
ity increase, as well as transverse hardness of 
muscles [5]. Unlike skin integuments and arterial 
walls the muscle biomechanical properties of 
lower limbs are determined by their longitudinal 
sizes up to the end of natural longitudinal growth 
period (to 18 years) and in case of leg length 
increase up to 60 cm.

 Myotonometry

Measurements of the transverse hardness of mus-
cles, which is caused by their tone and muscle 
structure itself, were performed using the simplest 
but highly sensitive mechanical myotonometer 
(Fig. 23.8) made on the basis of transfer indicator 
of dial type with 0.01-mm least graduation, and on 
its stem a support cylinder with 20-mm outside 
diameter is fastened, inside of which a movable 
rod is set with a supporting heel of 5-mm diameter. 
The depth of the rod descending is 4.35 mm.

The myotonometer was lowered strictly verti-
cally on the leg part examined (the belly of m. 
gastrocnemius lateral head). The myotonome-
ter’s own mass (250 g) was traded off for the con-
stant value of tissue squeezing cup pressure. The 
transverse hardness of muscles was estimated in 
arbitrary units under the condition of physical 
rest in supine position of the subject examined. In 
normal women at the age of 20–40 years this 
value amounts to 75–100 arbitrary units, in men 
of the same age – 100–150 arbitrary units.

Besides, there is correlation between the value 
of m. gastrocnemius transverse hardness and the 
value of intramuscular pressure determined by 
modified Henderson method [6] (Fig. 23.9), 
which increases as far as leg longitudinal sizes 
increase. 50 mmHg is a critical value of 
 intramuscular pressure at which blood flow in 

Fig. 23.8 A system illustrating the procedure for deter-
mining the hardness of transverse gastrocnemius
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arterioles is blocked. During leg lengthening in 
the first 20 days of distraction elasticity value of 
the posterior group of leg muscles 346 % 
increased in comparison with initial level. In 
addition, leg circumference became 3 cm more. 
Probably, elasticity increase is associated with 
change in soft tissue hydration. Further increase 
of segment length led to the fact, that the incre-
ment of elasticity value reached 400 % in com-
parison with initial level.

After the end of leg lengthening throughout 
fixation period the value of muscle elasticity 
decreased, being preserved substantially higher 
than initial values (183 ± 8 arbitrary units) due to 
remaining increased hydration of tissues. 
Subsequently, in the long-term periods (above 1 
year) after fixator removal the value approaches 
the level conforming to that of normal subjects of 
the same age with the analogous sizes of the 
lower limbs (Fig. 23.10). In the process of limb 
natural longitudinal growth in children not only 
bone length increases spontaneously, but the 
contractile part of muscles as well [7].

That is why the value of their transverse 
hardness remains comparatively low. In 
adolescents the tendinous part of muscles 
increases under the influence of their traction by 
actively growing bone. Moreover, tension stress 
of tissues increases. The same is observed for 
surgical limb lengthening as well, but the rate of 
size increase in this case is about 30-fold higher, 

and tension stress is two to three-fold more, 
respectively. Plastic potentials of soft-tissue ele-
ments are significantly lower, that is why the 
complete compensation of the increased values 
of muscle elasticity at the expense of longitudinal 
growth of muscle tendinous part occurs in the 
immediate months after the end of distraction 
period and manifests itself in increasing the 
change range of muscle contractile part length. In 
this situation it’s important to avoid the increase 
of intramuscular pressure during distraction up to 
the values of arteriolar bed blocking, that leads to 
ischemia and irreversible damage of tissues.

There are some ways to prevent ischemic 
involvement of muscles: creation of the initial 
reserve of muscle free motion during the fixator 
application and insertion of wires beyond the 
belly of the most important muscles, 
pharmacological increase of the value of muscle 
tension stress; high-divisional distraction (1 mm 
for 60 times per 24 h) throughout 24 h; control of 
the state of the muscles being lengthened, that of 
limb blood supply, as well as patient’s general 
condition and his or her arterial pressure level.

If these measures are observed, contractility 
of muscles after treatment should be recovered 
completely. When lengthening gain is more than 
10 % of the initial length of limb, its reduction 
should not exceed 25 % of the initial level. 
Muscle contractility should be controlled using 
dynamometric stands.
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 Effect of Muscle Biomechanical 
Properties on Blood Supply 
of the Leg Being Lengthened

Volumetric rate of leg circulation has been stud-
ied by the technique of occlusion plethysmogra-
phy. After osteotomy and the Ilizarov fixator 
application this value two-fold increases in com-
parison with initial level and remains at increased 
level all over the period of distraction, being nor-
malized not at once after lengthening cessation in 
the period of fixation (Table 23.1). At the end of 
lengthening period the values of peak blood flow 
decreases evidencing the reduction of vascular 
bed reserve potentials. The blood flow at rest 
decreases up to 1.53 ± 0.19 ml/min.*100 cm3 in 
the immediate months after the fixator removal.

In general, during treatment the value of circu-
lation volumetric rate (CVR) отслеживает traces 
the gain of muscle elasticity up to the moment 
when intramuscular pressure starts to interfere 
with blood passing through capillary bed:

 OCK = + = ≤0 23 0 0162 D r 0 930 p 0 001. . * ; . , .  

Physiological mechanism of the event revealed – 
blood flow acceleration for pressure increase in 
the surrounding tissues – is known. This is 
Ostroumov-Beilis reaction – relaxation of 
arteriole walls under the influence of transmural 
pressure decrease.

In the first days of distraction start systemic 
arterial pressure 37 % increases (р ≤ 0.05). After 
1 month of distraction the levels of systolic and 

diastolic pressures reached 160 ± 9 and 
113 ± 7 mmHg, respectively, and remained high 
up to the start of fixation period. In the period of 
fixation hypertension amounted to 23 % of the 
initial level on the average. Such hypertension 
may be caused by the increase of afferent impulse 
flow from tension receptors of muscles and other 
tissues and it is of protective-and-adaptive 
character because it keeps tissues away from 
ischemia, increasing the critical level of arteriolar 
bed blocking.

While comparing natural growth and limb 
lengthening it’s necessary to pay attention to the 
fact, that in the first case the higher its rate, the 
faster blood flow and the lower muscle elasticity, 
and in the second case – the faster blood flow and 
the more tension stress of tissues (Fig. 23.11).

 Muscle Contractility Recovery 
in the Limb Lengthened

It’s the most easiest to judge the recovery of mus-
cle functional properties after limb lengthening 
by range of motion restoration in the knee and 
ankle. During treatment the joints are beyond the 
zone of surgical intervention/that is why their 
mobility is mainly determined by the ability of 
muscle contractile part to change its length. In 
the process of limb lengthening the decrease of 
length change amplitude in muscles occurs due 
their tension. The longitudinal growth of muscle 
tendinous part in adults and that of the whole 

Table 23.1 Dynamics of blood supply of the leg being lengthened in patients with achondroplasia (М ± m)

Stage of treatment
Number of 
observa-tions

Muscle elasticity 
(arbitr. units)

Volumetric blood flow
(ml/min.*100 cm3)

VBF at rest Peak VBF

Before treatment 29 16 ± 2 1.24 ± 0.09 4.9 ± 0.4

Distraction: 0.2 month 8 53 ± 8 2.42 ± 0.49 4.3 ± 0.6

  0.5 month 6 84 ± 1 2.42 ± 0.26 3.4 ± 0.8

  1 month 8 93 ± 12 2.42 ± 0.29 5.9 ± 1.3

  2 months 8 125 ± 9 2.59 ± 0.27 7.5 ± 1.8

  3 months 2 172 ± 29 2.40 ± 0.76 3.0 ± 0.4

Fixation: 0.2 months 6 211 ± 9 2.13 ± 0.42 3.2 ± 0.5

  0.5 months 6 231 ± 7 1.48 ± 0.31 3.3 ± 0.1

  1 month 6 213 ± 11 1.51 ± 0.33 2.7 ± 0.4
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muscle in children contributes to the recovery of 
joints’ mobility under the conditions of the mus-
cle length changed after treatment. Range of 
motions in adjacent joints restores gradually 
throughout several months.

Two factors mainly influenced the rate of 
mobility recovery in the knee after femoral 
lengthening: limb lengthening amount and 
patients’ age. The results of the studies performed 
in a group of patients (63 patients at the age of 
6–54 years with 2–23 cm growth retardation of 
one of their limbs) confirm the effects of length-
ening amount on the state of muscles and joints 
both during distraction and after the end of 
treatment.

The range of motion decreased steadily as far 
as femoral length increased during distraction 
(Fig. 23.12).

After the end of distraction period the range 
turned out to be four to five-fold decreased in all 
the patients. At the end of fixation period it 1.5-2- 
fold increased (Fig. 23.13).

The most substantial differences in the range 
values were revealed in patients with different 
amount of lengthening in the first 2 months after 
the fixator removal. In 12 months after the end of 
treatment the knee function was practically the 
same as before treatment.

Provided that the amount of femoral 
lengthening was the same, the younger patients, 
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the faster and of the greater extent was the knee 
range of motion recovery. Age was of great 
importance for the rates of range of motion 
recovery as well. Thus, by the end of 1-year 
period after the Ilizarov fixator removal the 
dependence of the knee range of motions on 
patients’ age is described by regression equation: 
H = 148 – 3.40* t; r = 0.720; p ≤ 0.05.

The rates of the knee range of motion recovery 
depended on the amount of lower limb lengthen-
ing significantly. Provided that the values of joint 
function at different stages of rehabilitation were 
known for 30 %–, 20 %- and 10 %-lengthening 
of a limb, the corresponding values were calcu-
lated using the method of linear extrapolation, as 
well as the «ideal» curve of range recovery was 
plotted which would have been observed without 
limb lengthening (Fig. 23.14).

For the purpose of muscle function recovery 
active movements are necessary, which usually 
can be trained in adult patients during treatment 
only under the supervision of exercise therapy 
specialist.

Determination of the maximal moment of foot 
flexors and extensors was performed using dyna-
mometric stands [8, 9]. Constructional details of the 
stands allow to make measurements irrespective of 
age-related features and distraction fixator’s pres-
ence or absence. In the stand for leg muscle strength 
measuring the possibility is provided for position-
ing foot in the ankle at different angles within the 
range of 70–120° with 5° spacing, that allows to 
assess the contractility preservation degree in mus-
cles for change in their longitudinal size.

All the measurements are made for voluntary 
maximal isometric contraction of muscles. The 
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stands provide for standard position and fixation 
of lower limb owing to special attachments and 
stops (Fig. 23.15).

To rule out the influence on the values of 
increasing with age body mass we used the 
relative values of muscle strength moment 
(RSM), expressed in N*m per 1 kg of body mass.

In normal people (450 subjects at the age from 
7 to 18 years) muscle strength in the anterior 
femoral group of muscles is more than that in the 
posterior one, that is to a great extent explained 
by prolonged staying of schoolchildren in sitting 
position. In males the strength is more than in 

females, and the difference increases with age 
(Fig. 23.16). In sportsmen anterior/posterior 
muscle group strength ratio depends on 
specialized training. The anterior group of 
muscles is significantly stronger in weight-lifters. 
In track and field athletes the posterior group of 
muscles is relatively stronger.

Sex of the persons examined is of great impor-
tance as well (Fig. 23.16). The moment of muscle 
strength in girls increases faster at the age of 11, 
in boys – at the age of 12. Correlation of between 
the strength moment values of foot  plantar mus-
cle flexors and maximal  circumference (р, cm), 

Fig. 23.15 System of dynamometric units for determination of femur and leg muscle strength
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leg length (L, cm) and age (Т, years) in normal 
girls and boys can be described by regression 
equation:
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Contractility of lower limb muscles is an 
important value of functional state of the 
locomotor system. Under the conditions of 
natural growth in children and adolescents the 
strength of femur and leg muscles increases in 
proportion to changes in longitudinal sizes of 
these limb segments. However, in femur and leg 
surgical lengthening muscle dynamometric 
characteristics fall practically up to zero and 
recover in the immediate months after treatment 
completion, not reaching initial values usually. 
To approximate the conditions of distraction to 
the conditions of natural growth the special 
sparing techniques of osteotomy at two levels are 
used, as well as automatic mode of distraction 
with twisting rate up to 60 times per day. 
Distraction rate doesn’t exceed 2 mm per day 
[10, 11].

Hundred and three patients with congenital 
and acquired shortenings of one of their lower 
limbs were examined before treatment. Hundred 

and nineteen patients at the age of 7–23 years 
were examined in the immediate 6 months and in 
the long-term periods after the end of 5–9-cm 
gaining in length using the technique of 
transosseous osteosynthesis of the lower limb 
with growth retardation at the expense of femur 
and leg lengthening. Moreover, in 54 cases the 
leg was lengthened using automatic distraction 
by 60 times per day. Mean age of patients for 
examination in the immediate 6 months after 
treatment was 13.2 ± 0.8 years.

Absolute values of muscle strength in normal 
children and adolescents increased in proportion 
to their age. Relative moment of muscle strength 
(RSM) increased up to 30 years. Subsequently, 
body mass increase, especially in females, didn’t 
accompanied by the adequate gain of 
dynamometric value. In normal subjects close 
correlation between limb longitudinal sizes and 
muscle contractility was revealed. In patients 
before treatment the correlation coefficient 
between these values in intact limb was decreased 
up to 0.46 and was absent in the limb with growth 
retardation.

We have revealed the craniocaudal gradient of 
reparative potentials of different body parts. As 
far as moving towards periphery, postnatal 
increment of body parts increases, as well as 
growth rate and regenerative potentials of tissues 
[9, 12]. That is why the maximally acceptable 
amounts for lengthening of leg, which don’t lead 
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to muscle contractility loss, are comparably more 
than those for femur.

Before treatment the strength of femoral mus-
cles in the limb involved amounted to 70–80 % 
(р ≤ 0.001) of normal limb level. In the immedi-
ate periods after treatment of patients using auto-
matic mode of distraction it was 49–65 % and in 
the long-term periods – 66–75 % (Table 23.2), 
that means, it approximated to the initial level.

The relative moment of strength in the anterior 
and posterior muscle groups of the leg with 
growth retardation before treatment amounted, 
respectively, to 73 and 78 % (р ≤ 0.001) of nor-
mal leg level. In the immediate periods after 
treatment – 70 and 55 %, in the long-term peri-
ods – 71 and 81 % (Fig. 23.17 and Table 23.3).

It should be noted that muscle strength recov-
ery occurs vigorously in the first year after treat-
ment, after that the value level can decrease 
temporarily and after 4–5 years it can increase 
again (Fig. 23.17). Such curve character is asso-
ciated with the phenomenon of muscle compen-
satory hypertrophy after injury. Subsequently, 
the recovery occurs only under the influence of 
restoration of patients’ functional motor 
activity.

In our opinion, rapid recovery of muscle 
strength during the first year after the end of 
treatment is connected with the fact that the 
recovery occurs through compensatory 
hypertrophy of muscles. After completion of 
distraction regenerated bone reorganization this 
hypertrophy probably disappears, and further 
increase of contractility occurs only under the 
influence of motor activity increase. The 
stationary level of muscle strength value for 
intact femur – 1.2–1.6 N*m/kg and for the femur 
lengthened – 0.9 N*m/kg.

As far as patients’ age increased the level of 
muscle strength recovery in the limb lengthened 
became lesser (Fig. 23.18). That is why the limb 
lengthening at early age (below 10 years), despite 
difficulties of service to patients, is justified, 
because the processes of natural growth and 
tissue adaptation to new biomechanical condi-
tions continue after treatment.

It has been established that the more growth 
retardation of limb, the lower values of its 
strength. The ratio between the amount of leg 
longitudinal size retardation (L, cm) and the 
relative strength moment of foot plantar flexor 
muscles (F, N*m/kg) can be described by 
equation of linear regression: 
F 1 7 0 096 L R 0 262= =. . * ; .− . In addition, the 
more amount of leg lengthening, the lower level 
of muscle strength recovery. Complete recovery 
of muscle contractility was noted for 45–70 % 
(8–12 cm) increment of leg length. Lesser 
lengthening amounts are associated with 
problems during distraction.

The performed studies of femur and leg 
muscle contractility after limb segment 
lengthening have demonstrated that under 
automatic distraction the recovery of muscle 
contractility attains high level. Thus, the most 
important group of leg extensor muscles after 

Table 23.2 Relative moment of femoral muscle strength before and after lengthening (N*m/kg)

Examined group

Number of 
observations

Leg extensors Leg flexors

Intact leg Involved leg Intact leg Involved leg

Before treatment 103 1.63 ± 0.08 1.15 ± 0.07 1.27 ± 0.06 1.01 ± 0.05

Immediate periods after treatment 27 1.50 ± 0.16 0.73 ± 0.16 1.25 ± 0.12 0.81 ± 0.15

Long-term periods after treatment 27 1.65 ± 0.13 1.09 ± 0.10 1.37 ± 0.12 1.02 ± 09.08
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treatment with manual twisting the fixator in the 
long-term periods reaches 58 % (р ≤ 0.001) of the 
initial level, while in patients with automatic dis-
traction – 95 %. The strength of leg muscle pos-
terior group amounts to 65 % (р ≤ 0.02) and 
114 %, respectively.

Our observations show, that searching the 
conditions under which muscle strength in chil-
dren and adolescents after limb size increase will 
gain in the same way as under natural longitudi-
nal growth, is not unfounded (Fig. 23.19). There 
are only isolated observations of such effect, 
which have been taken in adolescent patients and 
which are hardly explained. For achieving such 
effect it’s necessary to improve treatment tech-
nique and to determine optimal biological condi-
tions of treatment (age, lengthening amounts).

It has been found by us, that in normal women 
and men the excess of leg length by 44 and 
46.5 cm, respectively, contributes to the decrease 
of relative strength moment of limb muscles. For 
patients the optimal biological value of leg length 
is significantly lesser, it is achieved in puberty 
and should amount to 36 and 38 cm (conforms to 
mean leg sizes of human subjects before starting 
the period of growth acceleration).

It should be mentioned that steady rise of arte-
rial elasticity for up to 8-cm leg lengthening with 
signs of ischemic disorders and hypertension was 
observed in a girl of asthenic constitution at the 
age of 11 years, and the gain of muscle strength 
after lengthening, equivalent to the gain for natu-
ral growth, – in an adolescent of hypersthenic 
constitution.

 Constitution Type Effect on Surgical 
Lengthening Outcomes of a Limb 
with Growth Retardation

Limb growth in girls at the age of 10–11 years is 
intensive. In case of distraction in this very period 
the greatest amounts of limb length increase can 
be achieved with good functional outcomes. That 
means, this is a period when the limits of geneti-
cally laid program of natural growth allow the 
most complete adaptation to changing environ-
mental conditions. Girls’ puberty is an uneven 
process, it doesn’t come simultaneously in female 
representatives of different constitution type.

We examined normal girls at the age of 
11–12.5 years (46 female subjects). Three main 

Table 23.3 Relative moment leg muscles before and after treatment (N*m/kg)

Examined groups

Number of 
observa-tions

Foot dorsal flexors Foot plantar flexors

Intact leg Involved leg Involved leg Intact leg

Before treatment 103 0.70 ± 0.04 0.51 ± 0.04 1.10 ± 0.07 1.41 ± 0.05

Immediate periods 27 0.58 ± 0.05 0.41 ± 0.04 0.70 ± 0.10 1.26 ± 0.09

Long-term periods 27 0.68 ± 0.06 0.48 ± 0.05 1.26 ± 0.18 1.56 ± 0.16

Period after treatment (months)

L
eg

 e
xt

en
so

r 
st

re
n

g
th

(N
*m

/k
g

)

0

0

0,2

0,4

0,6

0,8

1

10 20 30 40 50 60

R2 = 0,833

Fig. 23.18 Age-related dynamics of ratio between the 
relative strength moment of leg muscle posterior group in 
the limb lengthened and that in intact limb

Leg length increment (%)

0

25 50 75 100

0,1

0,2

0,3

0,4

0,5

0,6

0,7

R
el

at
iv

e 
st

re
n

g
th

 m
o

m
en

t
 (

N
*m

/k
g

)

Initial level

Fig. 23.19 Dependence of the strength recovery level of 
leg muscle posterior group on the amount of leg 
lengthening with reference to initial sizes

V.A. Schurov



297

somatic types were singled out in those examined 
subjects based on their data of the shape of chest, 
abdomen, back, lower limbs, as well as on anthro-
pometric measurements, allowing to estimate 
quantitatively the state of bone, muscular and 
fatty components; they were as follows: normos-
thenic (11), hypersthenic (17) and asthenoid (18).

The main group consisted of 26 children at the 
age of 10–16 years and 28 adult female patients 
with congenital growth retardation of lower limb 
segments (Table 23.4). In patients lower limb 
segments were lengthened by the amounts from 3 
to 7 cm using the technique of distraction osteo-
synthesis according to Ilizarov. The amount of 
distraction forces was determined with tensomet-
ric sensors [7] on 15, 30 days of treatment and at 
the end of leg lengthening period. The fixation 
index was determined by correlation between the 
duration of this period and the height of distrac-
tion regenerated bone.

It has been revealed that in normal girls of 
asthenoid constitution later coming of puberty is 
observed, as well as their anthropometrical val-
ues are in retard of the values in examined sub-
jects of normosthenic constitution. Leg 
longitudinal sizes are the least in female repre-
sentatives of asthenoid somatic type (37 ± 0.7 cm), 
and they are the greatest – in those of normos-
thenic one (38 ± 0.4 cm). The greatest transverse 
diameter of femoral distal end was also deter-
mined in female representatives of normosthenic 
somatic type (8 ± 0.17 cm), while in those of 
asthenic somatic type it was the least (7 ± 0.18 cm).

At the same time, in patients of normosthenic 
constitution all over limb lengthening the value of 
distraction forces was significantly lower, than in 
those of hypersthenic constitution and especially 
in those of asthenic one (Fig. 23.20). The duration 
of fixation period, estimated by the  fixation index, 
was 8.4 day/cm for normosthenic subjects, 9.9 – 

for hypersthenic subjects and 12.7 day/cm – for 
asthenic ones. Range of motions in the knee at 3 
months after the end of treatment in patients with 
normosthenic type 2.5- fold increased, in those 
with hypersthenic type 3.3-fold increased and in 
patients with asthenic type – 1.8-fold.

The cause of relatively more rise of distraction 
forces and increased fixation duration in female 
patients (women and girls) of asthenoid 
constitution is not quite clear. Structural 
differences in forming regenerated bone may 
take place in representatives of different somatic 
types. At any rate, it’s known that the mineral 
density of limb long tubular bones is higher in 
subjects of asthenoid constitution type [5].

Some suppositions can be made concerning 
the cause of the differences revealed in examined 
subjects with different constitution type. First, 
there are relatively more red muscular fibers of 
lesser diameter and lesser angle of bundle depar-
ture in muscles of asthenic subjects. In this case 
muscles of hypersthenic subjects will be in more 
favourable position. Secondly, the rates of range-
of-motion recovery are determined by the rate of 
rest muscle length recovery, which depends on 
the rate of tendon longitudinal growth. Muscle 

Table 23.4 Description of groups of the subjects examined (М ± m)

Groups of the subjects examined n Height (cm) Weight (kg) Length of intact leg (cm) Limb shortening (cm)

Normal subjects at the age of 
11–12

46 153 ± 1.3 41.6 ± 1.5 37 ± 0.5 –

Patients at the age of 11–13 26 154 ± 4.6 43.8 ± 4.0 38 ± 2.6 7 ± 1.4

Patients at the age of 15–26 28 168 ± 4.3 58.1 ± 5.6 40 ± 0.8 6 ± 0.8
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tendinous part in asthenic subjects have slower 
rates of natural growth, because their rates of 
puberty are lower.

In any case, the approach to determine distrac-
tion rates and to predict the rates of functional reha-
bilitation in patients of different somatic types 
should be individual. In patients if asthenoid consti-
tution type the rates of distraction should be lower.

 Conclusion

As far as natural longitudinal growth occurs, 
as well as age-related development, the gain 
of limb soft tissue elastic properties takes 
place in patients, which evidences the decrease 
of the reserves of their functional recovery 
after surgical increasing the limb length. 
During distraction the tension gain in muscles 
plays a key role in limitation of the scale of 
patients’ body growth increase – the extension 
of muscle contractile part doesn’t lead to ade-
quate growth and is accompanied by worsen-
ing of capillary blood supply conditions. 
Ischemic involvement of muscles leads to 
their structure disorder and subsequently – to 
fail to proper contractility recover. That is why 
while predicting functional outcomes of treat-
ment not only the aesthetic effect of length 
gain of limbs with growth retardation and that 
of step length increase should be taken into 
consideration, but also the degree of muscle 
contractility decrease, which grows as far as 
distraction continues and patients’ age 
increases. The best effect is observed for treat-
ment of subjects with normosthenic and 
hypersthenic types of constitution, in children 
in the period of limb natural growth accelera-
tion, when distraction of high-division is used.
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      Biomechanics of Pediatric Hip                     

     Susumu     Saito      and     Atsushi     Kusaba     

          Congenital Dislocation 
of the Hip Joint  

 Congenital dislocation of the hip joint includes 
prenatal, acquired, and developmental dislocation 
( i.e.,  femoral head dislocates from the acetabulum 
gradually after birth). Most of this disease occurs 
while this disease is named as “congenital”. True 
congenital dislocation is often intractable, as it has 
severe dislocation and is accompanied by consid-
erable anomalies. In true congenital dislocation, 
the acetabulum is extra remarkably shallow and 
steep, and anterosion of the femur is severe. In 
acquired or developmental dislocation, environ-
mental factors have more infl uence on the occur-
rence of the dislocation than congenital ones. The 
kind of diaper is one of the most important factors. 
The prevalence of dislocation is high in some cold 
areas. In such area, diaper or clothes is set to fi x the 
knee and the hip in the extended position to keep 
the children from the coldness. In hemilateral dis-
location after birth, lying position has infl uence on 
its occurrence. Joint instability, which is caused by 
hormone around birth, and contracture due to the 

position may cause dislocation. In left wryneck 
position ( i.e.,  the face rotates in the right and the 
neck fl exes in the left), the trunk often takes right 
lateral position. In such position, the left hip joint 
takes adducted position and tends to have adduc-
tion contracture, and dislocation may occur in the 
left hip. The degree of the dislocation varies from 
children. Hamstring muscles have strong infl uence 
on the occurrence of the dislocation. These mus-
cles push the femoral head proximally. When sec-
ondary dysplasia of the acetabulum exists besides 
the dislocation, spontaneous rectifi cation hardly 
occurs and the hip is still unstable even after the 
manual reduction. After the occurrence of the dis-
location, contracture of the iliopsoas muscles and 
varus position of the labrum are inhibitors against 
the reduction. 

 Posture or motion of the fetus in the uterus also 
has strong infl uence on the occurrence. According 
to Vartan [ 1 ] and Tompkins [ 2 ], 56–75 % of breech 
delivery fetuses have extended knee posture in the 
uterus while only 3 % of cephalic delivery fetuses 
have such posture. Wilkinson [ 3 ] studied 866 
cephalic delivery children and 123 breech delivery 
children. Fully fl exed knee posture was observed in 
83 % of cephalic delivery children while it was in 
35 % in breech delivery children. The fully fl exed 
knee posture was observed only in 20 % of children 
with hip dislocation. From these results, he con-
cluded that disturbance of the leg holding mecha-
nism is an important factor to the dislocation. 
Vartan [ 1 ] reported that disturbance of leg holding 
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mechanism causes extended knee posture, which 
disturbs posture change in the uterus, and causes 
breech birth. Michelson and Lamgenskiold [ 4 ] 
made an experimental study using juvenile rabbits. 
They fi xed the knee joints of the rabbits and suc-
ceeded in making artifi cial dislocation or sublux-
ation. In their experiment, no dislocation or 
subluxation occurred in the rabbits after hamstring 
myotomy. They suspected that continuous spasm 
of the hamstrings was the main cause of the dislo-
cation. The hamstring is a diarthric muscle that 
affects the hip and the knee joint. Thus when the 
hip joint is forced to fl ex with the knee joint 
extended, severe axial load is given to the femur. 
Michele [ 5 ] reported that contracture or shortening 
of iliopsoas muscle may cause anthropologic dislo-
cation. He emphasized that the iliopsoas muscle is 
the most important etiologic factor of congenital 
dislocation of the hip joint. Mckibbin [ 6 ] made a 
postmortal examination of neonates. According to 
his report, extended position of the hip caused a 
tendency of hip dislocation in the neonates with 
iliopsoas contracture. After myotomy of iliopsoas, 
such phenomenon went off. Yamamuro [ 7 ] made 
an experimental study and reported that hip dislo-
cation was caused by reciprocal force of the ham-
string and the iliopsoas. According to his report, 
when the knee is fi xed in the extended position, the 
hip is extended due to the excessive tension of the 
hamstring. Extended hip position cause the exces-
sive tension of the iliopsoas and the tension forces 
the hip to be fl exed against the tension of the ham-
string. In such a situation, the iliopsoas acts to 
rotate the femur externally and to cause the disloca-
tion. From these reports, both the hamstring and 
the iliopsoas seem to infl uence on the hip disloca-
tion. In prenatal period, the hamstring has more 
infl uence than the iliopsoas, as most fetuses have 
fl exed posture. After birth, the iliopsoas has more 
infl uence than the hamstring, as most neonates 
have extended posture. 

    Treatment for Congenital Hip 
Dislocation 

 Taking frog (fl exed-abducted-externally rotated) 
position, preventing the hip from the dislocation 

is possible in neonates before the dislocation, 
even if the hip is unstable and the joint laxity 
exists. Some methods exist to take such position. 
The most common method is Riemenbügel. 
Taking frog position, dislocated femoral head is 
brought near to the acetabulum. The weight of 
the lower extremity reduces the tension and 
contracture of the adductor muscles. 
Consequently the femoral head gets over the 
acetabular rim and is reduced into the acetabulum. 
This reduction force is given not by the motion of 
the lower extremity through the stirrup but by the 
weight of it. The authors made an above-knee 
Riemenbügel (without the stirrup) and succeeded 
in the reduction. Generally the success rate of 
reduction is around 80 % of dislocation in 
infancy. Riemenbügel is effective for mild 
dislocation. Traction, manual reposition, or open 
reduction is necessary for dislocation that is 
irreducible in both in extended and in frog 
position. Such treatment is also necessary for 
dislocation accompanied by varus labrum. 

 Overhead traction method diminishes the 
spasm of surrounding muscles and capsular 
ligaments to enlarge the acetabular inlet, and 
expands the spasm of obstructive muscles. First, 
horizontal traction reduces contracture of the 
iliopsoas and rectus femoris and expands the 
capsular ligament inferiorly. Next, gradual 
fl exion of the hip with extended knee position 
reduces the contracture of the hamstring. As the 
iliopsoas, which suppresses the acetabular inlet 
anteriorly, becomes loose, the inlet spreads. 
Finally, traction in fully abducted position 
reduces contracture of the adductor muscles to 
reduce the femoral head into the acetabulum 
without pressing the head to the labrum.   

    Confi guration of the Hip Joint 
and Alignment of Lower Extremity 

 The femur in congenital hip dislocation has more 
antetorsion angle and neck schaft angle than ana-
tomical one. The acetabulum in congenital hip 
dislocation is steep and shallow. Because of such 
confi guration, the hip is unstable just after the 
reduction. The steep and shallow acetabulum is 
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improved gradually. When the improvement is 
insuffi cient, arthrosis may occur after the residual 
subluxation. For residual subluxation, pelvic oste-
otomy and/or derotation-varus osteotomy is nec-
essary. Today, pelvic osteotomy is preferable. 
Pelvic osteotomy brings about better containment 
and stability of the hip. However, some pelvic 
osteotomy that enlarges the ilium superoinferiorly 
causes hemodynamic change of the femur and 
increased growth of the femur. As the result, func-
tional dysplasia may occur in standing position. 
Recurrence of valgus sometimes occurs after the 
derotation-varus osteotomy of the femur. Atrophy 
of abductor muscles, residual dysplasia of the 
acetabulum, or damage of trochanteric apophysis 
is conjectured for this recurrence of valgus. 
Excessive recurrent valgus causes recurrence of 
subluxation and instability of the hip. Degree of 
recurrent valgus is more in younger children. 
Thus, more varus angle of the osteotomy is neces-
sary for younger children. Pelvic osteotomy com-
bined with varus-derotation osteotomy is adopted 
when simple pelvic osteotomy does not bring 
about suffi cient containment. Generally, the com-
bined osteotomy is necessary for the femur with 
60° or more antetorsion angle. Otani [ 8 ] made an 
experimental study using three-dimensional 
elasto-optic method to support such indication. 
The authors made a study over alignment after the 
osteotomy. FTA increased just after the surgery 
[ 9 ]. However, because of recurrent valgus and the 
remodeling in the distal femur, FTA decreased in 
the postoperative course. The functional axis of 
the lower extremity (Mikulicz Line) returned to 
go through the midpoint of the knee 1 year after 
the surgery.  

    Femoral Antetorsion 
and Cooperated Factors of Torsion 

 The angle of the femoral antetorsion angle is the 
angle between the mediolateral femoral condyle 
line and the axis of the femoral neck in a 
horizontal plane. Many measuring methods of 
the antetorsion angle have existed [ 10 – 19 ]. 
Femoral antetorsion angle in prenatal period has 
individual difference and varies from reports 

[ 20 – 22 ]. During the early prenatal period, 
femoral neck has retrotorsion. From the middle 
stage in the prenatal period, femoral neck begins 
to have antetorsion. The position of legs in the 
uterus and tension of muscle attach to the 
trochanters have a strong infl uence on this 
phenomenon. According to Michele, from the 
sixth to ninth month of intrauterine life, the lower 
extremities rotate internally and this phenomenon 
brings about the femoral antetorsion [ 5 ]. Some 
authors pointed out the relation between 
congenital hip dislocation and the antetorsion 
angle in this stage [ 20 ,  23 ,  24 ]. In this stage, 
contracture of the iliopsoas muscle can cause 
excessive antetorsion or superior displacement of 
the femoral head. The antetorsion angle is 30° or 
more at perinatal period. The angle at 1 year old 
is around 50° and decreases with growth [ 24 – 26 ]. 
Such a phenomenon seems to have a relation to 
walk in erect posture. According to Lanz, the 
angle is 15–57 (average, 32) degrees in neonates, 
20–50 (average, 34) degrees in 1–3 year-old- 
children, 12–38 (average, 25) degrees in 4 to 
6-year-old children, and −25–37 (average, 12) 
degrees in adults [ 22 ]. 

 The femur antetorsion angle can increase in 
patients with some diseases such as congenital 
dislocation of the hip or Perthes’ disease. The 
increased antetorsion angle may infl uence on the 
congruency or stability of hip joint. In residual 
subluxation after the treatment for congenital 
dislocation, increased antetorsion angle of the 
femoral neck is often observed. Better congruency 
in abduction-inner rotation position aids to 
diagnose the existence of the increased 
antetorsion angle. As far as no contracture of the 
iliopsoas muscle exists, the increased antetorsion 
angle can be improved in the natural course after 
virgin gait [ 27 ,  28 ]. 

    Experimental Study of Femoral 
Antetorsion 

 The authors made an experimental study 
concerning the femoral antetorsion in congenital 
dislocation of the hip joint [ 29 ,  30 ]. Twenty 
young mongrel dogs with experimental complete 
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dislocation of the hip joint were studied. Seven or 
eight Kirschner wires were inserted vertically to 
the longitudinal axis of the femur. They were 
inserted taking care not to injure the growth plate. 
They were inserted so that each wire was just 
parallel and has an equal interval. The most distal 
wire was inserted in the distal epiphysis. The 
wire second to the most distal one was inserted in 
the distal portion of the femoral metaphysis. 
Thus, the distal epiphyseal line existed between 
the two distal wires. They were cut and buried in 
the femur. Increased antetorsion was observed 
even 1 week after the surgery. Another Kirschner 
wire was inserted along the axis of the femoral 
neck. The femurs were examined after the 
retrieval. From the position of each wire, the 
rotation of the femur was evaluated. The most 
distal wire rotated internally against the next 
wire. At this time, all wires in the metaphysis, 
physis, and the wire in the neck kept parallel each 
other. This phenomenon indicates the distal 
epiphyseal line brings about that antetorsion. 
When this distal rotation was excessive, 
compensative retrotorsion occurred between the 
proximal two wires (in the portion between 
the wire in the neck and the next wire) after the 
occurrence of the antetorsion. This indicates that 
the proximal portion of the femur (proximal 
epiphyseal line or the neck) (Table  24.1 , 
Figs.  24.1 ,  24.2 ,  24.3 ,  24.4 ,  24.5 , and  24.6 ). In 
conclusion, the femoral torsion is mainly brought 
about by the distal epiphyseal line and additionally 
by proximal portion of the femur. Adequate load 
seems necessary to get this proximal retroversion 
so that the antetorsion angle will be excess in 
congenital hip dislocation [ 29 ,  30 ].

             Slipped Capital Femoral Epiphysis 

 Slipped capital femoral epiphysis is divided into 
three types. Acute type is a fracture in proximal 
femoral growth plate. This type is generally 
caused by signifi cant trauma. In chronic type, 
the femoral head slips gradually because of the 
brittleness of the growth plate. Chronic type is 
the most common. Slip progresses acutely dur-
ing the chronic course in acute on chronic type. 

The most direction of the slip is posteroinferior. 
The direction has close relation to neck-shaft 
angle. Wilson [ 31 ] reported that 85 % of postero-
inferior slip had 140°\\ of neck-shaft angle, 
According to Inhäuser [ 32 ], the head slips pos-
terolateralinferiorly when severe coxa valga 
such as 160° of neck-shaft angle exists. In such 
coxa valga, growth plate in the standing position 
is almost parallel to the fl oor. Ordinal anteropos-
terior radiograph of the hip shows as if the head 
slips posteromedialinferiorly because of the 
externally rotated femur. Posteroinferior slip is 
obvious on the radiograph taken without rotation 
of the femur. Three-dimensional CT scan study 
supports this fact. Lateral view radiograph is 
thus essential to measure the slip-angle. 
Imhäuser’s method is quite useful to measure the 
angle [ 32 ]. The anatomical angle in his method 
is 10 or less degrees. In his criteria, 30 or less 
degrees is slight slip, 30–70 is moderate, and 70 
or more is severe. 

 According to Harris [ 33 ], growth hormone 
accelerates the mitosis of the proliferating layer 
and causes the hypertrophy of the hypertrophied 
cartilage layer. Growth hormone decreases the 
yield strength of the growth plate while sexual 
hormone increases the strength. His report 
suggests that insuffi cient sexual hormone or 
excessive growth hormone may cause the slip. 
Relative excessive growth hormone can occur 
when secretion of the growth hormone continues 
after the growth period. 

 The growth-plate has three-dimensional 
unevenness, which has been confi rmed by 
scanning electron microscopic studies. This 
unevenness gives the growth-plate a multi- 
directional endurance against compression, 
strain, and shear stress. The yield strength of a 
growth-plate depends on the degree of this three- 
dimensional unevenness [ 34 ,  35 ]. Acute slip is a 
kind of fracture and thus complete rupture occurs 
in the growth plate, or Salter-Harris Type II injury 
occurs. In chronic slip, repetition of stress causes 
gradual disruption and after that slip occurs when 
the stress exceeds the yielding strength. External 
rotation contracture occurs when the slip angle is 
30 or more. Gait in externally rotated position 
due to the pain and bearing weight accelerates the 
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   Table 24.1    Summary of wire in the femur, time elapsed from dislocation and relative increase or decrease of 
antetorsion   

 Postoperative 
(weeks) 

 Condylen- 
upracondylen 

 Distal third of femoral 
shaft 

 Proximal third of 
femoral shaft  Subtrochanter 

 Femoral neck-
femoral head 

 1–3  →  →  →  → 

 4  ↑  →  →  → 

 6  ↑  →  →  →  → 

 8 
  �    

 ↑  →  ↓ 

 9 
  �    

 ↑  →  → 

 10 
  �    

 ↑  →  ↓ 

 13  →  ↓ 
 14 

  �    
 ↑  →  →  ↓↓ 

 16  ↓  ↑  →  ↓ 
  �    

 21 
  �      �    

 →  ↓  ↓ 

  Dark arrows indicate an increase of antetorsion Light arrows indicate a decrease of antetorsion. The thicker arrows mark 
greater changes  

a b

  Fig. 24.1    ( a ) The method of experiment. The right 
 femoral head of the dog was dislocated surgically. And 
Kirschner wires were inserted parallel into the femur. 
( b ) Parallel wires were inserted into the femur. Right: One 

extra wire was inserted through the proximal neck and 
head still in the same plane as that of the parallel wires 
along the femur       

 

24 Biomechanics of Pediatric Hip



304

disruption. According to Morscher [ 36 ], ana-
lyzed the posterior tilting angle and concluded 
that posterior stress force in internally rotated 
position is the main cause of slip. In slipped capi-
tal femoral epiphysis, motion range of the hip 
increases in external rotation and decreases in 
internal rotation. Flexion range is also limited. 
Drehmann’s phenomenon is obvious in slipped 
capital femoral epiphysis; as the thigh is fl exed, it 
tends to roll into external rotation and abduction. 
After progress of the slip, varus deformity of the 
hip occurs and both Trendelenburg’s phenome-
non and gait become obvious. 

 Reported yield strength of the growth-plate 
has been various as it depends on the material 
of the experiment [ 37 ]. According to Bright, 
the strength of the force, which made a crack in 
the growth-plate was one-half of the yield 
strength of the growth-plate. On the other 

  Fig. 24.3    Radiograph taken 1 week after dislocation. All 
wires were still parallel       

  Fig. 24.4    Four week after dislocation. All wires but the most distal were still parallel       

  Fig. 24.2    One week after dislocation. More antetorsion 
existed on the right femur. Arrow shows dislocated femur       
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hand, Bright and Nakada reported that there 
was no relation between these two strengths 
[ 35 ,  38 ]. Chung reported that force within the 
strength of physiological range was enough to 
cause the epiphyseal slipping in overweight 
children and suggested that purely mechanical 
factors may play a major role in the etiology of 
slipped capital femoral epiphysis [ 39 ]. 
Williams made an experimental study and 
found that the shear strength of the physis var-
ies with anatomic location. According to this 
experiment, the posterior region of tibia physis 
had the greatest strength and stiffness, lowest 
physeal thickness, and steepest inclination 
[ 37 ]. Kim pointed out that the strength depends 
on the existence of the membrane of cartilage 
[ 34 ]. The membrane seems to reinforce the 
growth-plate in cooperation with the three-
dimensional structure of the growth-plate. In 
his report, the ratio of fracture strain between 
the growth-plate without / with cartilage mem-
brane was 61 % (tensile strength) and 37 % 
(strain strength). Chung made post- mortem 

studies of hips in children to determine the 
shear strength and modes of failure of the capi-
tal femoral growth-plates [ 39 ]. In this experi-
ment, the shear strength of the human 
growth-plate varied with age and was greatly 
dependent on the surrounding perichondrial 
complex in infancy and early childhood, but 
less so in adolescence. When this complex was 
excised, the strength of the epiphyseal plate 
was diminished, especially in younger chil-
dren. In acute slip, such membrane is disrupted 
while it is preserved in chronic slip. 

 The velocity of stress is also an important 
factor in growth-plate injury, as the growth-
plate has viscoelastic property. Kim reported 
that Salter-Harris type I injury is caused by the 
stress of relatively slow velocity and II and III 
by high velocity [ 34 ]. Histological study per-
formed concurrently with the yield-strength 
test, varies among the authors. This may be 
brought about mainly by the difference in the 
method of experiment. According to Salter and 
Amailo, the epiphyseolysis occurred in the 
hypertrophying layer [ 40 ,  41 ]. Bright reported it 
occurred with a stairway form in the hypertro-
phying layer and palisading layer [ 42 ]. 
According to Nakada and Brasher, epiphyseoly-
sis occurred in different layers depending on the 
portion of the growth- plate [ 35 ,  42 ]. From the 
point of clinical view, epiphyseolysis mainly 
occurs in the hypertrophying layer or transient 
portion to the metaphysis in slipped capital fem-
oral epiphysis [ 33 ,  37 ,  43 ].      
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      Biomechanics of Fracture 
in Growth Period                     

     Atsushi     Kusaba       and     Susumu     Saito    

          Characteristics of Fractures 
in Children 

 Management of fractures in children is com-
pletely different from that of adults. Biological 
reaction for fracture is characteristic in children 
because of the anatomic, physiological, and bio-
mechanical property of skeletal structure [ 1 ]. 
Comprehension of the properties of children’s 
bone is essential to treat fractures in children. 
Some properties act favorably for the bone union 
and some make it diffi cult to treat fractures.  

    The Role of Periosteum 

 The detailed biomechanics of periosteum are 
described in Chap.   31    . Periosteum in children’s 
bone is far thicker than that of adults and thus 
much callus would appear early after the injury. 
This is one of the reasons why union of fracture 
is obtained easily in children. High activity and 
rich blood supply in the thick periosteum affect 

new bone formation. The new bone formation in 
children occurs so immediately after the injury 
that reduction of the displacement, if necessary, 
should be achieved in early stages. The perios-
teum in children’s bone is stronger than that of 
adults [ 1 ]. It is well known that the connection 
between metaphysis and epiphysis is very strong. 
This strong connection is brought about by the 
strength of the periosteum. When bending stress 
is applied to the pediatric bone, the periosteum 
would be ruptured only in the convex side but not 
in the concave side. The periosteum in the con-
cave side could act as “intact hinge”. This intact 
hinge is helpful to reduce the position and to 
maintain the reduced position. On the other hand, 
if the displacement is not reduced in the early 
stage, the gap between the exfoliated periosteum 
and the bone would be fi lled by new bone and 
severe deformity would remain [ 2 ]. This phe-
nomenon is often observed in unreduced supra-
condylar fracture of the humerus or the radius 
distal fracture.  

    Characteristics of Children’s Bone 

 Bone density of children is lower than that of 
adults [ 3 ]. Bone porosity of children is higher 
than that of adults. Most of the bone cortex in 
children is occupied by Haversian canals [ 4 ]. 
Because of both the structural properties of bone 
and the thick periosteum, the whole bone unit in 
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children has more endurance against stress ( e.g.,  
compressive stress, tensile stress, bending stress) 
than that of adults. Currey made an experimental 
study concerning the strength of the femur in 
children. Compared with adults, children had a 
lower modulus of elasticity, a lower bending 
strength, and a lower ash content. However, the 
children’s bone defl ected more and absorbed 
more energy before breaking. It absorbed more 
energy also after fracture had started. The typical 
greenstick fracture surface of many specimens of 
children’s bone requires more energy for its 
production than the smooth surface of adult 
specimens [ 5 ]. Even when a fracture occurs in 
child bone, the fracture line is simple and is rarely 
accompanied by severe displacement. Most 
fractures in children are incomplete fractures in 
which the partial continuity of bone remains ( i.e.,  
subperiosteal fracture). When bending stress 
beyond the physiological tolerance is given to a 
bone, angular deformity of fracture occurs less 
often in children than in adults. In such cases, 
greenstick fracture more likely occurs in children. 
This fracture is often observed especially in distal 
third of the radius. When axial compressive stress 
is given to the bone, bamboo or buckle fracture 
often occurs at metaphysis, where the maximum 
porosity exists. Otherwise, a plastic deformation 
may occur [ 6 ]. The plastic deformation often 
observed in pediatric long bone fracture which is 
due largely to the complex nature of the molecular 
and histologic aspects of pediatric bone. Pediatric 
cortical bone has a lower mineral content than 
adult bone, accounting in part for its different 
material properties. Although plasticity allows 
children’s long bones to absorb more energy 
before fracture, a signifi cant deformity may 
persist after injury [ 7 ,  8 ].  

    Epiphyseal Injury 

 Fracture of the growth plate is an injury unique to 
childhood. The prevalence of this injury in the 
whole fractures in children is 10–30 % [ 9 ]. Salter 
classifi ed this injury into fi ve groups by the 
verosity of stress on the epiphyseal plate and 
direction stress distribution at the plate, and the 

prognosis: type I, fracture through the growth 
plate; type II, fracture through the growth plate 
and metaphysis; type III, fracture through the 
growth plate and epiphysis; type IV, fracture 
through the growth plate, epiphysis and 
metaphysis, and type V, crush or compression 
injury of the growth plate [ 2 ]. Ogden proposed a 
new classifi cation scheme of physeal and 
epiphyseal injuries to allow better estimation of 
prognosis for normal or abnormal growth. This 
classifi cation based partially on the Salter-Harris 
system, but additionally detail subclassifi cations 
that relate to specifi c injury patterns [ 10 ]. 
Epiphyseal fracture often occurs in the 
metaphyseal side of the epiphysis and most of the 
epiphyseal cartilage cells remain in the epiphyseal 
side. Most such fractures heal without permanent 
deformity. A small percentage, however, has 
subsequent complications such as aseptic 
necrosis of epiphysis, non-union, premature 
epiphyseal closure ( i.e.,  growth arrest), joint 
deformity (angulation, rotation) due to partial 
epiphyseal closure, and unequal length of leg or 
arm. The growth-plate has three-dimensional 
unevenness, which has been confi rmed by 
scanning electron microscopic studies. This 
unevenness gives the growth-plate a multi 
directional endurance against compression, 
strain, and shear stress. The yield strength of a 
growth-plate depends on the degree of this three- 
dimensional unevenness [ 11 ,  12 ]. Reported yield 
strength of the growth-plate has varied as it 
depends on the material of the experiment [ 13 ]. 
According to Bright, the strength of the force 
which made a crack in the growth plate was one- 
half of the yield strength of the growth-plate. On 
the other hand, Bright and Nakada reported that 
no relation existed between these two strengths 
[ 12 ,  14 ]. Kim pointed out that the strength 
depends on the existence of the membrane of 
cartilage [ 11 ]. The membrane seems to reinforce 
the growth-plate in cooperation with the three- 
dimensional structure of the growth-plate. In his 
report, the ratio of fracture strain between the 
growth-plate without / with cartilage membrane 
was 61 % (tensile strength) and 37 % (strain 
strength). Amamilo reported that the periosteum 
contributed signifi cantly to the stiffness of the 
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epiphyseal plate [ 15 ]. The hypertrophying and 
calcifying layer is more fragile than the resting 
and proliferative layer. However, the section 
where the crack in the epiphyseal injury existed 
varies between authors. Bright reported that the 
crack was not observed only in the hypertrophying 
layer but also in the resting and the proliferative 
layer [ 14 ]. Nakada reported that crack existed 
mainly between the proliferative and 
hypertrophying layer [ 12 ]. Amamilo reported 
that the crack existed in the calcifying layer [ 15 ].  

    Remodeling After Fractures 
in Children 

 When malunion occurs after fracture in children, 
spontaneous correction of deformity is produced 
by bone remodeling during growth [ 16 – 21 ]. A 
good example of remodeling can be observed in 
birth fracture. Malunion in children is often 
observed in supracondylar fracture of the 
humerus, lateral condylar fracture of the 
humerus, Monteggia fracture, distal radius frac-
ture, proximal femoral fracture, and femoral 
shaft fracture. The remodeling is brought about 
by Wolff’s law and law of Heuter-Volkmann. 
Both have been recognized as the bone reaction 
against the stress such as weight bearing, muscle 
tension, and joint movement. Wollf’s law is both 
periosteal absorption in convex side and perios-
teal bone formation in the concave side in the 
diaphysis. Treharne regarded this law as an effect 
of piezoelectricity of bone [ 22 ]. Abraham made a 
detailed experimental study concerning this law 
[ 23 ]. According to the study, the bone absorption 
at the convex side did not occur so much as the 
bone formation at the concave side. Weight bear-
ing did not have as much infl uence on remodel-
ing; no signifi cant difference was observed 
between remodeling after fracture of upper 
extremity and that of lower extremity. The Law 
of Heuter-Volkmann is asymmetrical epiphyseal 
growth. Karaharju  et al . made an experimental 
study to fi nd out in which phase and to what 
extent asymmetrical epiphyseal growth partici-
pated in the correction of an experimentally pro-
duced deformity. According to their experiment, 

epiphyseal growth played an important role in 
the remodeling process. The greatest correction 
occurred during the fi rst weeks. Correction of the 
epiphyseal angle took place with acceleration of 
growth [ 24 ]. The remodeling potential of angular 
deformities in the coronal and sagittal planes in 
children is well known. According to Wallace 
and Hoffman, in children less than 13 years of 
age, malunion of as much as 25° in such planes 
will remodel enough to give normal alignment of 
the joint surfaces. They also pointed out that 
74 % of correction occurred at the physes and 
only 26 % at the fracture site. On the other hand, 
poor remodeling potential of signifi cant posttrau-
matic torsional deformity of the femur in chil-
dren [ 25 ]. The authors made a clinical study 
concerning three- dimensional remodeling 
against malunion after femoral shaft fracture [ 26 , 
 27 ]. Valgus deformity was more often than varus 
deformity when the primary union was achieved. 
This may have been an infl uence of traction 
direction. On the other hand, the angle of defor-
mity at the fi nal follow-up was more in varus 
deformity than that of valgus deformity. The con-
vex angle of deformity had no signifi cant differ-
ence between the anterior and posterior convex 
deformity at the fi nal follow-up. Rotational mal-
union was also compensated in some extent. The 
antetorsion angle of femoral neck against femo-
ral condyle became around 30° at the fi nal fol-
low-up either in external or internal rotational 
malunion cases. In any kind of deformity, the 
younger the child, the more angle of spontaneous 
correction is observed. Also, the motion and fl ex-
ibility of joints compensated the deformity. 
Mikulics line shifted from the medial side to near 
the center of the knee joint in children with val-
gus convex and shifted from the lateral side to 
near the center of the knee joint children with 
varus convex. Such compensation occurred ear-
lier than the compensation by the remodeling. 
Considering these compensations, the deformity 
within following angles does not cause problems 
over activity of daily living. The maximum angle 
of acceptable deformity after the primary union 
is 30° in children one or less than 1, 20° in 1–5 
year old children, 15° in 6–10 years old children, 
and 10° in 11 or older children [ 26 ]. 
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 Shortening of bone length can be also com-
pensated in children’s fractures to some extent. 
Excessive compensation is often observed espe-
cially in femoral shaft fractures. Excessive 
growth of bone length occurs more likely in sur-
gically treated fractures than conservatively 
treated fractures. The average difference of 
length discrepancy in conservatively treated fem-
oral shaft fractures was around 10 mm in the 
authors’ study. Shortening of the femur showed 
almost no compensation in most children 10 
years old or older. In most children younger than 
10 years old, excessive growth of bone length 
continued until 2 years after the injury. Excessive 
bone growth of two or more centimeters, com-
pared with the other side, occurs during the 
growth period and may be treated by epiphyse-
odesis ( e.g.,  stapling) or elongation of leg using 
external skeletal fi xation [ 28 ].     
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Experimental In Vitro Methods 
for Research of 
Mechanotransduction in Human 
Osteoblasts

Nahum Rosenberg and Michael Soudry

Bone matrix is generated and organized accord-
ing to the direction of mechanical force, e.g., 
following muscular contraction, impact with 
supporting surface and gravity. Cellular mecha-
notransduction from outer milieu, which is a 
biochemical expression of the external mechan-
ical force via cellular pathways, determines the 
three dimensional structure of bone following 
interactions between its generation and resorp-
tion, i.e., remodeling and repair process by 
interaction between osteoblast and osteoclast 
activities. Of the latter two type of cells the 
osteoblast governs this complex process, par-
tially following the external mechanical effect. 
Therefore understanding and recognizing of the 
nature of the cellular pathways in osteoblast 
mechnotransduction might reveal new therapeu-
tic methods in numerous disabling bone pathol-
ogies due to the loss of bone mass or the loss of 
its structural integrity [1, 2].

 Experimental Methods

The experimental methods for studying the 
mechanotransduction in osteoblasts in two 
dimensional culture in vitro are based on con-
trolled propagation of external force upon the 
culture plate via induced intra- and extracellular 
fluid flow in cells which are adherent to plastic 
surface of the culture plate. The ability of osto-
blast to adhere to plastic surfaces (Fig. 26.1), 
which is also common in other cells of mesen-
chumal origin, is indespensible characteristic that 
enables to induce cellular deformation with sub-
sequential activation of the cytoskeleton indi-
rectly by controlling the fluid flow by external 
mechanical means [3, 4]. Accordingly many of 
the experimental methods which are related to 
mechanotransduction in osteoblasts utilize two 
dimensional cultures with cells adherent to plas-
tic surfaces and exposed to external mechanical 
force. This type of experimental model is easily 
reproducible and relatively easy for maintenance 
(Fig. 26.2).

Osteoblasts in the two dimensional cultures 
adhere to the plastic surface of the culture con-
tainer by protein extracellular extensions of the 
cytoskeleton. These extensions through the cell 
membrane are proteins from the groups of cadhe-
drins, integrins and selectines. The magnitude of 
anchorage energy that they generate with the 
plastic surface is in the scale of 10−16 J, which is 
two orders higher than the total cellular  membrane 
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bending energy of 10−18 J [5]. Therefore a signifi-
cant deformation of the whole cell can occur 
without disrupting the cellular membrane integ-
rity and without disconnecting of the cellular 
adhesion to the container surface. This difference 
in the strength of anchorage and of the membrane 
integrity allows a safe 4–5 % strain application to 
a pure vesicle bound by a lipid bilayer membrane 
when it is adherent to a surface [5]. Since the
mechanical structure of osteoblast is reinforced 
by a cytoskeleton, much higher mechanical 
deformation is possible without its disconnection 
from the surface and without distraction of the 
cellular membrane.

Accordingly in most of the methods of 
 evaluation of mechanotransduction in adherent 

osteoblast in two dimensional culture, a similar 
concept of mechanical movements of the sur-
face and/or of the culture media over the adher-
ent cells are utilized. By these methods a 
deformation of the cellular membrane on its 
free, not adherent, edge is generated following 
flow of the surrounding media and cyclic move-
ment of the adherent to the surface cellular part 
(Fig. 26.2).

Although the basic principle of mechanical 
stimulation of osteoblasts in monolayer culture is 
similar in different studies there is a high range of 
mechanical parameters that was applied by the 
different authors, e.g., cellular displacement 
between 0.0003 and 0.025 mm (estimated from 
strains applied to cells and assuming that the 

Fig. 26.1 Micrograph 
of human osteoblast-
like cells in monolyer 
explant culture. The 
cells are adherent to a 
plastic surface 
(scale – 20 μ)

Movement direction

Plastic surface

Fig. 26.2 A schematic representation of a cell adherent 
to a plastic surface and deformed in two dimensional 
plane due to interaction between stretchable cellular 
membrane and its cytoskeletal anchorage with externally 

induced fluid flow, extracellular and intracellular. The 
resting cell is presented in the central position. The arrow 
shows the direction of the surface alternating movement
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diameters of the osteoblasts are in the range of 
20–40 μm), acceleration of mechanical force in 
the range of 0.0009–500 mm/s2, if a close to the 
sine shaped alternating force was used at 
frequencies between 0.05 and 20 Hz [6–10]. 
Currently there is no uniform experimental setup 
for mechanotransduction studies of the cells in a 
monolayer culture and therefore a comparison 
between different studies is sometimes difficult 
or even impossible.

The most popular research model for the in 
vitro study of mechanotransduction in osteoblasts 
utilizes a controlled cyclic stretching of an 
artificial silicon membrane, when the cells are 
adherent to its surface [11]. The membrane is 
stretched radially or bended with subsequent 
change in its surface. This process generates a 
mechanical strain on the adherent cells. This 
method does not allow generating uniform 
stretching forces on all the adherent cells because 
the strain magnitude changes radially when the 
highest strain is generated on the bending axis or 
on the periphery of two dimensional stretchable 
membrane, while on the center of the membrane 
the strain is almost negligible. By using this 
experimental setup strains of cells up to 20 % can 
be generated [11, 12]. The generated strains on 
cells are also dependent on the material properties 
of the membrane surface or on the geometrics of 
the bending curvature.

Additional widely used experimental method 
for mechanotransuction research is by exposure 
of a monolayer of cultured osteblasts, which are 
adherent to a plastic surface, to a controlled flow 
of culture media. By this method an alternating 
or continuous cell deformation can be achieved 
by controlled inflow of media from an external 
pump into the culture container in a closed circuit 
[13]. The flow can be continuous, pulsatile or 
oscillatory.

In the two methods described above, i.e., 
stretchable surfaces and fluid flow application, 
there is a limitation in providing controlled oscil-
lating strain in frequencies up to 5 Hz. Therefore 
in most studies the range of alternating mechanical 
stimulation is 0.1–2 Hz [12, 14–16]. The basic 
design of these devices does not allow investigat-
ing mechanical frequencies that exceed 10 Hz, 

therefore mechanical stimulation of osteoblasts in 
the infrasonic range of frequencies is impossible if 
these types of mechanical sources for inducing 
cellular strain are used. The reasoning to investi-
gate the low frequency stimulation in experiments 
on mechanotransduction in cultured osteoblasts is 
related to the human body locomotion, which is 
usually in the range of 0.5–1.5 Hz of frequencies. 
This basic assumption can be challenged by the 
fact that the osteocytes, which are embedded in the 
canaliculi in the bone matrix, are exposed also to 
the higher frequencies of mechanical stimulation, 
up to 60 Hz, by normally stretching of muscles, 
even at rest, as can be detected by a normal vibro-
myogram [17, 18]. Therefore this higher range of 
frequencies might affect different mechanotrans-
duction pathways but cannot be investigated by the 
previously described experimental methods due to 
the limitation of their design, as described above.

In order to overcome these basic design limi-
tations another more versatile experimental setup 
for activation of osteoblasts in monolayer culture 
was developed. This method allows the use of 
higher range of mechanical stimulation frequen-
cies without interfering with cells adherence to a 
culture surface, i.e., up to frequency of 60 Hz [6]. 
The method utilizes application of external con-
trolled and tunable mechanical vibration directly 
to the supportive surface with adherent cultures 
of osteoblasts and the vibration movement of the 
surface causes deformation of the adherent cells. 
The vibration force is uniformly transferred to all 
cultured cells, regardless to their topographic 
position on the culture surface. Subsequentially
the intracellular mechanotransduction pathways 
should respond via the excitation of cytoskeletal 
components following cell deformation induced 
by the interaction of external fluid flow and exter-
nal surface movement [13]. This experimental 
approach overcomes the problem of the non- 
uniform strains provided by the use of elastic 
membranes and reduces the number of 
mechanical parameters since the applied vibration 
movement is uniaxial. Therefore a similar, in 
magnitude and direction, deformation force is 
applied to a large number of cultured cells. The 
generic design of this method utilized a horizontal 
surface with mounted and firmly fixed plastic 
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culture container with adherent cells. The plastic 
surface vibrates in the horizontal plane by a 
mechanical actuator. The vibration movement is 
tunable in the range of frequencies between 0 and 
60 Hz. The surface acceleration, frequency and 
displacement are measured by a piezoelectric 
accelerometer (Fig. 26.3).

By this method not only the delivered mechan-
ical parameters are recordable but rather the 
actual data of the supporting surface movement, 
which reflects the actual movement of cells, can 
be measured.

The existing difference between the “deliv-
ered” by different types of inducible movements 
and the “actual” movement of cells in the pre-
sented above methods is due to the “fatigue” fac-
tor of the stretchable surface [11] or due to the to 
the friction between the moving parts of the sup-
porting platform in the vibration model. But in 
the vibration model only the “actual” cellular 
movement parameters can be recorded and a 
more precise data on cellular strains can be calcu-
lated according to these measurements.

If the friction between the moving parts is 
reduced in the vibration model the difference 
between the “excitation” and the “actual” 

mechanical parameters can be reduced to the 
minimum (Fig. 26.4).

It is very important to emphasize that the dif-
ferences in the experimental setups in the 
research in cellular mechanotransduction cause 
undesirable uncertainties in comparing the 
results from different experiments. In order to 
compare data from different studies, the 
mechanical stimulation parameters should be 
uniformly characterized, e.g., the resultant dis-
placement, frequency, acceleration, wave shape 
of the applied force and resultant cellular strain. 
In the most of the studies this comprehensive 
data is not provided or provided only partially 
with difficulty to compare to other studies. 
Therefore more efforts should be directed upon 
research protocols’ standardization, regardless 
to the experimental method used. This effort 
might provide all the essential biomechanical 
data, such as exact profile of the resultant 
mechanical force applied to the cells. Having 
this information available, the optimal parame-
ters of the mechanical stimulation of osteoblasts 
in monolayer culture can be determined and the 
cellular mechanotransduction pathways will be 
detected at the optimum of their activity.

Fig. 26.3  
Experimental setup for 
vibration of cultured 
osteoblasts. A 24-well 
plate with cultured 
cells is mounted on a 
horizontally oriented 
shaker – view from 
above. The horizontal 
vibrating movement of 
the shaker is controlled 
(direction of the 
movement is indicated 
by the double arrow). 
The acceleration and 
displacement are 
measured by a 
piezoelectric 
accelerometer
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Spectrum of accelerometer reading
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Fig. 26.4 An example of a spectrum of frequencies of 
the resultant vibration movements of culture plate (lower 
profile) following the excitation of 20 Hz (upper profile) 
showing that the high proportion of the generated vibra-

tion with frequency of 20 Hz is actually delivered to the 
vibrating surface and the adherent to it cells. Therefore 
most of the excitation parameters were expressed in the 
resultant vibration movement

 Conclusion

We gave an overview of the existing generic 
concepts that are used in the research of 
mechanical stimulation of cultured osteo-
blasts. It is apparent that the optimal method 
for a particular experiment, which should be 
designed according to the research hypothesis, 
can be chosen according to the principles that 
we described above.
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       Restoration of hip biomechanic during the arthro-
plasty is one of the prerequites to a full function 
recovery and a good longevity. The general use of 
computer technology in the operating room to 
assist the surgeon during the surgery underlines 
our strong believe of a global concept which 
starts at the time of the stem conception, or at the 
time of computerized preoperative planning in 
case of individual stem solution. The purpose of 
this chapter is to describe the elements which will 
lead to the use of computer assisted hip arthro-
plasty according to the 20 years experience 
obtained in computer assisted preoperative plan-
ning of total hip arthroplasty and computer 
assisted designed of custom hip stem. 

    The Concept of Computer Assisted 
Hip Arthroplasty 

 The concept of individual computer assisted 
design (CAD) has been the consequence of the 
natural evolution of the authors in the fi eld of 
total hip arthroplasty (THA), facing the unac-
ceptable failure rate of conventional stems as 
reported in the literature for young and active 
patients [ 1 – 10 ]. 

 The cementless fi xation presented as an 
alternative to cement fi xation has gained a 
global acceptance on the acetabular side but is 
still facing some controversies on the femoral 
side partly due to the poor designs proposed in 
the early days [ 9 ,  11 ]. Quickly basic studies 
showed that successful fi xation without the use 
of cement on the femoral side may be possible 
but requires some principles which include 
proximal adaptation and avoidance of micro-
movements in order to obtain an optimal load 
transmission to the femur [ 12 ]. These princi-
ples are advocated in order to avoid stress 
shielding and thigh pain, the two complica-
tions often reported with cementless stems [ 13 , 
 14 ]. This adaptation to the proximal femur is 
only possible when the stem can match the 
patient femoral anatomy. Several anatomical 
studies have shown the wide range of proximal 
femoral anatomy faced in either conventional 
osteoarthritis or more frequently in congenital 
or traumatic etiology leading to a narrow, 
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curved and excessively ante or retroverted 
upperfemur [ 15 – 17 ]. 

 The logic answer to the necessary adaptation 
to the proximal intramedullary femur combined 
to the obligatory corrections in the prosthetic 
neck for solving extramedullary deformities was 
CAD of individual stem geometry. In the authors 
perception the three-dimensional design of the 
neck is at least of equal importance than the 
intramedullary part in order to restore a correct 
hip function. 

 The design of a three-dimensional custom 
neck allows correction in length, lever arm and 
anteversion. The clinical consequence of such 
design is the restoration of leg length, abductor 
function and proper lower limb rotation. Among 
all factors involved in acetabular cup or stem 
positioning, femoral lateralization (femoral off-
set) is well known to infl uence the results of total 
hip arthroplasty [ 18 ,  19 ]. It represents the femo-
ral lateralization and has been defi ned by the dis-
tance from the center of the femoral head and the 
femoral diaphysis axis [ 20 ]. Adequate femoral 
lateralization has been shown to enhance hip sta-
bility [ 21 ], improve the range of motion and 
abductor strength [ 22 ] as well as decrease con-
tact force and thus polyethylene wear [ 23 ]. The 
amount of offset of the femoral prosthesis theo-
retically infl uences the mechanics of the hip 
after a total hip arthroplasty. An increased offset 
increases the moment arm of the abductor mus-
cles. This reduces the abductor force required for 
normal gait and consequently reduces the force 
across the hip. Of course, this is a simplifi ed 
interpretation of gait because other muscles 
about the hip in addition to the abductors are 
active during walking. Recent clinical studies 
demonstrated that an increase of femoral offset 
could signifi cantly decrease wear [ 22 – 24 ], while 
this increase could also be a cause for early asep-
tic loosening of the femoral stem by increasing 
the bending moment [ 25 ,  26 ]. It is though unclear 
how the surgeon should decide of the proper 
postoperative femoral offset value in THA, from 
a strict preoperative reproduction to an ‘ideal’ 
value, based on clinical or biomechanical 
considerations. 

 The appropriate anteversion of the neck may 
also contribute to reduce dislocation rate. The 
mechanical consequence of such neck design is 
also to optimize load transmission to bone stem 
interface and fi nite element analysis have shown 
the infl uence of the extramedullary parameters 
on the stem stability and stress transfer [ 26 ]. 

 The intramedullary stem design is a combina-
tion of CT-based reconstruction of the proximal 
femoral anatomy and priority areas of contact to 
obtain stability in rotation. The distal diameter of 
the stem is reduced to avoid any cortical impinge-
ment distally, possible source of thigh pain with 
maximal canal fi lling stems. It is thus of high 
importance to preserve all the cancellous bone 
around the whole stem from proximal to distal by 
the use of a smooth compactor of identical shape 
than the fi nal prostheses. 

 This concept of computer assisted hip arthro-
plasty leading to individual custom neck and stem 
design was addressed by Aubaniac and Essinger in 
1987 and lead to the development of softwares for 
cancellous bone density evaluation and three-
dimensional custom neck design, which is the 
rationale of the Symbios® custom concept 
(Symbios Inc, Yverdon, Switzerland). The global 
concept of computerized preoperative planning 
and the fi rst applications for osteoarthritis follow-
ing high congenital dislocation of the hip have 
been originally published close to 20 years ago 
[ 27 – 29 ].  

    The Computer Assisted Planning 
of Total Hip Arthroplasty 

    Preoperative Data 

    X-Ray Data 
 The radiographic analysis is based on several 
x-ray views. A full view of the two limbs using 
scanography is needed to assess the global pel-
vis and limb anatomical status, and to evaluate 
the extent of disturbance of the pelvic balance 
by assessing bilaterally the position of the hip 
rotation centers (in the vertical axis). A  frontal 
pelvis view  is used to determine the extent of 
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lever arms between the rotation centers and the 
corresponding femoral axes. Discrepancies are 
recorded and will be used later in the pre- 
operative planning to correct the anatomy of 
the diseased joint such that full restoration of 
the pelvic balance can be achieved. Eventually, 
 frontal and lateral x-ray views  of the diseased 
joint are necessary to complete the x-ray data 
set.  

    CT Data 
 Data obtained from computerized tomography 
scanner are necessary both for the design of the 
intramedullary femoral stem and for the planning 
of the extramedullary part of the joint reconstruc-
tion. Except in special cases, the CT data acquisi-
tion must follow an established protocol elaborated 
by Symbios. However, in special cases such as for 
instance very severe congenital dislocations, the 
radiologist may have to select a modifi ed protocol 
based on the x-ray status. 

 The intramedullary femoral anatomy is 
assessed by CT views taken every 5 mm from the 
acetabular summit down to the bottom of the 
lesser trochanter, then every 10 mm until the 
femoral isthmus. 

 The extramedullary planning requires CT 
views taken at three different levels:  (1)  at the 
base of the femoral neck (assessment of 
helitorsion axis),  (2)  at the knee level, across the 
femoral condyles (assessment of posterior 
bicondylar axis),  (3)  at the foot level, by the 
second metatarsus axis (assessment of foot axis).   

    Pre-operative Planning 

    Acetabular Cup 
 If the contralateral hip is healthy, planning the 
rotation center of the replaced joint and the socket 
size is performed by reproducing the contralateral 
geometry on the x-ray frontal pelvis view. In 
presence of a bilateral lesion and in most high 
dislocation cases, the position of the rotation 
center and the size of the acetabular socket are 
decided together with the surgeon. In certain 
cases, the size is determined using the CT view 

passing through the center of the true acetabulum 
(which allows furthermore assessment of bone 
stock) (Fig.  27.1 ), then by reporting the result on 
the x-ray pelvic view.

       According Position of the Femur 
 The future position of the femur (as determined 
for instance by the location of the greater tro-
chanter) is determined on the frontal view based 
on the position of the acetabular socket, on the 
desired lengthening as determined from the 
scanogram, and on the neck lever arm (femoral 
offset). This position will determine the level of 
the femoral cut and assess the correct neck lever 
arm on the frontal view. However, osteotomy of 
the greater trochanter may be necessary in cases 
where extensive lengthening is required, associ-
ated to a wrong anteroposterior position of the 
greater trochanter due to excessive anteversion. 

 The anteversion angle of the prosthesis neck 
must be set such that normal gait anatomy can be 
restored. The normal gait anatomy requires three 
conditions:  (1)  foot axis showing 10–20° of 
external rotation,  (2)  posterior bicondylar axis 
perpendicular to the gait direction,  (3)  antever-
sion of the femoral neck between 15 and 20° with 
respect to the bicondylar axis. It has been shown 
that in most cases of congenital dysmorphism, 

  Fig. 27.1    Planning of the acetabular socket using CT 
image       
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the upper femur axis, also called helitorsion axis 
and defi ned as the axis passing across the longer 
diameter at the level of osteotomy, is not aligned 
with the neck axis [ 30 ]. This phenomenon is usu-
ally not taken into account in standard prosthe-
ses. This results in such cases most frequently in 
an over- or under-correction of the prosthetic 
anteversion angle, thus preventing from full res-
toration of the normal gait. By superimposing the 
three CT views of the osteotomy level (usually 
above the lesser trochanter), and of the knee and 
foot levels, it is possible to calculate the correc-
tion angle to add (or subtract) to the helitorsion 
angle such that a fi nal prosthetic anteversion 
angle of 15–20° is achieved (Fig.  27.2 ).

         The Computer Assisted Design 
of Custom Hip Stem 

    The Design of the Intramedullary 
Section 

    Contouring 
 Upon their reception, raw CT data is processed 
by numerical thresholding such that non bony 
structures are excluded from the images. 
Following this “image fi ltering” step, the 
design engineer runs an image analysis pro-
gram to select both the internal and external 
contours of the bone section on each femoral 
CT slice. This  contouring  process is normally 
performed fully automatically, except in the 
area of the femoral neck and in cases of impor-
tant artefacts on CT images for which manual 
intervention is needed.  

    Matching CT and X-Ray Data 
 Anatomical landmarks on the diseased joint must 
be fi rst registered. These landmarks will be used 
later for the defi nition of the osteotomy. The 
summits of the greater and lesser trochanters and 
the femoral head summit are localized and 
indicated on the x-ray frontal view. 

 The next step in the design process consists in 
superimposing the CT and x-ray data on the same 
image fi le. For this, frontal and lateral radio-
graphic views of the diseased hip are fi rst digi-
talized using an x-ray compatible image scanner. 
The contouring data obtained during the previous 
step is numerically added to the digitalized x-ray 
views. A manual fi tting of the two types of 
images is then performed independently on the 
frontal and lateral view.  

    Defi nition of Osteotomy Orientation 
 Once merging of CT and x-ray data is completed, 
osteotomy directions are calculated and added to 
the image fi le. The level of the osteotomy is 
defi ned such that neck length, optimized stability 
in rotation and optimized bone stock preservation 
are taken into account.  

  Fig. 27.2    Restoration of normal gait anatomy based on 
the correction of the helitorsion angle ( H );  AV  desired 
prosthetic neck anteversion,  BPA  bicondylar posterior 
axis,  alpha  correction made in the prosthetic neck between 
H and AV       
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    Generation of the Initial Stem 
and Extraction 
 Based on the internal contouring data, the design 
software uses then numerical interpolation 
procedures to generate a fi rst stem shape limited 
to the intramedullary zone. However, the very 
precise reproduction of the femoral internal 
contour on this fi rst draft makes it most often 
useless without modifi cations, as local protrusions 
and depressions at the bone surface would prevent 
any movement of the stem within the femur. It is 
therefore necessary to simulate numerically the 
extraction of the stem from the femur. This is 
done by successive iteration steps during which 
the stem is extracted incrementally by rotations 
and translations in the three main orthogonal 
axes. During each iterative step, incremental 
stem shape modifi cations are performed by the 
software in order to allow the extraction while 
maintaining the contact zones necessary for an 
optimized mechanical support of the stem in the 
femur. Optimized support is sought in medial, 
lateral, and anterior metaphyseal areas. At the 
end of the simulation, a new, modifi ed version of 
the stem is obtained that can be implanted into 
the femur with a very restricted degree of freedom 
for the insertion path.  

    Final Adaptations 
 At the end of the extraction process, numerical 
integration of the new stem shape in the CT data is 
performed. It enables the design engineer to view 
each CT section together with the corresponding 
stem section (“composite” view, Fig.  27.3 ). By 
switching to the editor mode of the software, the 
engineer can also perform a fi nal design “tune up”, 
during which he can still implement slight modifi -
cations on each stem section to further optimize 
bone-prosthesis adjustment.

       Stem Insertion and Resistance 
Simulation 
 The fi nal step in the design of the intramedullary 
part of the femoral stem consists in simulating a 
subsidence of the stem in the femoral canal in 

order to be sure that the stem is at worst in contact 
with the cortical bone in this shifted position. 

 A numerical 3-point bending simulation test is 
then performed to validate the mechanical 
resistance of the stem.   

    The Design of the Extramedullary 
Section 

 The design of the extramedullary part of the stem 
is performed as well in the frontal and lateral as 
in the sagittal plane. The determination of the 
anteversion angle of the prosthesis neck taking 
into account the correction for helitorsion, has 
already been explained earlier. With the 
intramedullary stem integrated in the x-ray 
frontal view, the design engineer calculates the 
optimized combination of CCD angle, neck 
length and head offset such that the planned 
rotation center and lever arm are respected 
(Fig.  27.4 ).

       The Prosthesis Validation 

 The pre-operative planning of a custom made 
prosthesis is performed together by the surgeon 
and the design engineer at Symbios. Following 
the planning, the design of the stem is done 
entirely by the design engineer. Therefore the 
fi nal design must be validated by the surgeon 
before the fabrication of the prosthesis can be 
launched. A complete patient fi le is provided to 
the surgeon including the CT composite view, the 
normal gait restoration scheme, and the x-ray 
frontal (with osteotomy parameters, Fig.  27.5 ) 
and lateral view with the designed stem.

       The Stem Manufacturing 

    Stem Machining 
 Upon validation of the stem design and pre- 
operative planning by the surgeon, the fabrication 
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of the prosthesis can proceed. For this, the stem 
CAD data is transferred into a Computer Assisted 
Machining (CAM) software that pilots a 5-axis 
milling machine. In parallel, a compactor with a 

smooth surface is machined with the same design 
as the stem itself. It is used for compaction of the 
cancellous bone before the stem itself is intro-
duced (Fig.  27.6 ).

  Fig. 27.3    Composite CT views with integration of stem sections       
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       Materials and Coatings 
 Wrought Ti6Al4V titanium alloy is used most of 
the time for the fabrication of the stem. In very few 
cases, stainless steel stems are produced upon 
request of the surgeon. The rasp itself is made out 
of wrought stainless steel. After machining, the 
prosthesis stem undergoes a surface plasma spray 
coating procedure which can vary from one stem to 
the other, depending again on the surgeon’s request. 
In most cases a fi rst layer of ~300 μm of porous 
titanium followed by a ~80 μm layer of porous 
hydroyapatite (HA) are coated on the intramedul-
lary section of the stem, from the osteotomy level 
down to the distal level at which the transition from 
an elliptic to a circular section takes place.  

    Sterilization and Packaging 
 The fi nal steps in the production of the prosthesis 
are the gamma sterilization and the fi nal 
packaging procedure which is performed in clean 
room conditions.    

    The Twenty-Years Clinical Use 
of Individual Cad for Cementless 
Hip Arthroplasty 

    The Rationale for the Use of Custom 
CAD for Hip Arthroplasty 

 The self-preservation of the dense cancellous 
bone compacted towards the inner cortical femur 
is obtained by the use of a smooth compactor of 

  Fig. 27.4    Composite x-ray frontal view with integration 
of intra- and extramedullary stem sections       

  Fig. 27.5    The x-ray frontal view with osteotomy 
parameters       
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identical intra and extramedullary shape than the 
fi nal prostheses. The preservation of this cancel-
lous bone is mandatory for secondary biologic 
fi xation to the hydroxyapatite (HA) covering the 
fi nal prosthesis. Both the clinical and the radio-
logical evaluation of different stem coatings lead 
us to move from a proximal HA to a full HA 
coating [ 31 ]. 

 The solution provided by three-dimensional 
designed custom neck to face excessevely 
anteverted upper femur often encountered in 
dysmorphic or dysplasic hips was a retroversion 
of the custom neck to restore an appropriate 
anteversion of 15–20° on the knee condylar plane 
[ 32 ,  33 ]. In such situations some authors have 
described the association of a derotational 
osteotomy to a conventional stem or the use of 
modular necks [ 13 ]. 

 We studied by X-rays and CT the morphology 
of 83 hips from 69 European adults with 
osteoarthritis following developmental dysplasia 
of the hip (DDH) [ 17 ]. A cohort of 310 primary 

osteoarthritic hips was used as a control group. 
According to the classifi cation [ 34 ] of dysplastic 
hips were graded as class I, 27 as class II and 23 
as class III or IV. The intramedullary femoral 
canal had reduced mediolateral and 
anteroposterior dimensions for all groups 
compared to primary osteoarthritis control group. 
The individual variability was important when 
measuring the CT-scan canal fl are index, despite 
the subluxation class considered. The femoral 
neck shaft angle was increased only for femora of 
class II. The proximal femur had more anteversion 
in all the DDH groups, ranging from 2 to 80°. 
The mean anteroposterior diameter of the true 
acetabulum for classes III/IV was smaller 
compared to primary osteoarthritis. The severity 
of the dysplasia may infl uence the diffi culty of 
achieving hip center location in the true 
acetabulum but does not correlate with the degree 
of individual femoral anteversion. 

 This study provides additional information to 
one already available for the Japanese population 
and may be of value for femoral hip stem design 
and for planning total hip arthroplasty in hip 
dysplasia.  

    The Authors’ Indications for Custom 
CAD in Cementless Hip Arthroplasty 

•     The dysmorphic and dysplasic hips in which 
conditions of normal hip anatomy cannot be 
restored by a standard neck and a standard 
stem  

•   The young and active patients for whom full 
and quick recovery of hip function is required. 
In the future the increasing lifetime expectancy 
will emphazise this need of long standing 
solution for highly sollicited hips [ 35 ].     

    The Clinical Results of Computer 
Assisted Designed Stems in THA 

 We reported several publications in the population 
of dysmorphic hips [ 36 ] or young patients [ 37 , 
 38 ]. The study [ 36 ] relates the results of 257 
custom uncemented stem for osteoarthritis due to 

  Fig. 27.6    Example of porous coated custom made pros-
thesis together with the corresponding “rasp” for compac-
tion of cancellous bone and implant preparation       
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developmental dysplasia of the hip at 2–12 years 
follow up study. The average age was 55 years. 
There were 174 dysplasias and 83 luxations 
(39 % stage 1, 30 % stage 2, 14 % stage 3, 17 % 
of stage 4). Average lengthening to realize was of 
39 mm. The average anteversion angle was 28 ± 
16° and the average anteroposterior diameter of 
the acetabulum of 51 mm. The clinical score of 
Harris reached from 58 to 93 points. We found a 
good stem integration in 88 % of the cases, an 
osteolysis in 5 % and 1 case of depression of the 
stem. Six hips required a change: three sepsis, 
one dislocation and two for no stem integration. 
The survival rate was 97 % at 11 years. 

 We thus perfomed a retrospective study 
including 116 custom THA for congenital 
dislocation of the hip (96 women and 20 men) at 
a mean follow up of 6.6 years (3–12 years) [ 39 ]. 
Two patients were died of causes unrelated to the 
total hip arthroplasty, before a minimum duration 
of follow-up of 5 years and 17 were lost to 
follow-up. The study consist then in 79 patients 
(97 hips). The mean age was 51 (17–82 years). 
According to the Crowe classifi cation, there were 
35 class 1, 29 class 2, 13 class 3 and 20 class 4. 
The average lengthening to be realized was 
25 mm (5–58 mm). The helitorsion angle was 
33° (−22 to 72°). The average Harris hip improved 
from 57 to 91. No patient had revision, loosening, 
luxation or migration of the components. 
Radiographic analysis has shown a good 
osteointegration of the stem in 80 % and 
radiographic radiolucient line in 8 % without any 
progression. 

 We also asked whether a three-dimensional 
custom cementless stem could restore hip func-
tion, decrease osteolysis and wear, and enhance 
stem survival in young patients [ 37 ]. We retro-
spectively reviewed 212 patients (233 hips) 
younger than 50 years (mean, 40 years) at a fol-
lowup of 5–16 years (mean, 10 years). The Merle 
D’Aubigne′-Postel and Harris hip scores 
improved at last followup. No thigh pain was 
recorded for any of the patients; 187 of the 212 
patients (88 %) had full activity recovery, 206 
had full range of motion, and 151 had a score 
greater than 80 points for all fi ve categories of 
the Hip disability and Osteoarthritis Outcome 

score. Five patients had femoral osteolysis not 
 associated with pain. With revision for any rea-
son as an end point, the survivorship was 87 % 
(range, 77–97 %) at 15 years, and considering 
stem revision only, the survi- vorship was 93 % 
(confi dence interval, 90–97 %) at 15 years. Our 
data compared favorably with those from series 
using standard cementless stems at the same fol-
low-up with a high percentage of patients achiev-
ing functional restoration and a low rate of 
complications.   

    The Basis for Computer Assisted 
Hip Arthroplasty 

 This global concept of computer assisted pre-
operative planning and CAD for THA repre-
sents in the authors perception the ideal basis 
for the use of computer assisted surgery in 
THA. The clinical results obtained at 20 years 
are encouraging, and are at least similar or bet-
ter to the one previously reported with conven-
tional cemented implants in young age groups 
using modern cementing technique [ 3 ,  7 ,  40 –
 47 ], or with standard cementless prosthesis 
[ 13 ,  14 ]. The goals fi xed in 1990 seem to be 
reached in 2010 with an increased stem lon-
gevity for patients under 65 years old, a 
reduced dislocation rate regarding the 0.6–
15 % reported in the literature [ 48 ], and a 
return to full social and sport activities. 

 However the remaining problems for the cur-
rent use of CAD custom stems are : higher price, 
delay for conception, and surgeon adaptation. 
The price difference regarding conventional 
implant moved from a factor to fi ve to a factor to 
two during the ten last years and this process 
must continue in the coming years. The 5 weeks 
delay for stem fabrication may be signifi cantly 
reduced to 3 weeks in the short future with the 
regular use of teleradiology. Finally, the ortho-
paedic surgeon used to have a large number of 
size in the operating room has to deal with one 
compactor and one fi nal prosthesis with the 
CAD concept. This requires a learning curve, 
quickly achieved by the full computerized pre-
operative planning helpful during surgery and 

27 Computer-Assisted Designed Hip Arthroplasty



328

once this adaptation is achieved this custom 
concept may be able to solve a number of surgi-
cal diffi culties previously encountered with con-
ventional implants. 

 Finally, the logical following step is the use of 
computer assisted technology for improving the 
positioning of the implants, specially on the femo-
ral side since the optimal fi nal position of the stem 
has been determined by the computerized preop-
erative planning. Indeed the simulation of penetra-
tion –extraction realized during the stem 
conception will be highly helpful to provide the 
correct informations for guiding the CADesigned 
custom rasp. This will ideally prepare the intra-
medullary femoral cavity ready to receive the fi nal 
implant. Since the rotational stability will have 
been determined during the proximal femur recon-
struction based on density data this step will be 
much more precised than the usual manual rasp-
ing. Additionally the three- dimensional design of 
the custom neck combined to the possibilities 
offered by the computer assisted technologies will 
allow the surgeon to evaluate intraoperatively the 
global range of motion achieved with such socket 
location and neck offset orientation.  

    Conclusion 

 Computer assisted hip arthroplasty is cer-
tainly a step forward in the future of hip 
arthroplasty for restoring function and 
improve implant longevity for patients with 
high activity and/or modifi ed anatomy. The 
experience obtained after 20 years of com-
puter assisted planning and CAD for custom 
stem will logically provide the natural basis 
for the use of the computer in the operating 
room since all the previous steps will have 
been managed in the planning and during 
stem conception. 

 Further research in the biomechanical fi eld 
including the expected bone remodeling 
around the stems by fi nite element analysis and 
the evaluation of the patient hip function after 
total hip arthroplasty using gait analysis, fl uo-
roscopy, or accelerometry during everyday 
activities will be also necessary in order to 
assess step by step such emerging technology.     
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      Hip Resurfacing Guided 
by Fluoroscopy and Minimal 
Invasive Anterolateral Approach: 
Technique and Results                     

     Philippe     Chiron     

       We offer since 2003, a technique for guiding the 
positioning of the femoral resurfacing cup guided 
by a pin positioned under image intensifi er before 
the incision [ 1 ]. Later this technique has been 
adopted and published with satisfaction by Wirth 
and Hurst [ 2 ,  3 ]. You can then use all possible 
approaches. For our part we have developed a 
minimally invasive antero lateral approach type 
Rottïnger for hip resurfacing [ 4 ,  5 ]. We will suc-
cessively describe these two techniques and 
report results of a series of 129 consecutive hips 
included in a prospective study between 2003 
and 2009. 

    Targeting of the Pin-Guided 
Femoral Component 
Under Fluoroscopic Control 

 Using the pin technique does not change the use 
of the following:

 –    Equipment for implanting the femoral compo-
nent and preparing the femoral head,  

 –   Type of prosthesis used for the head and the 
cup,  

 –   Surgical indications, which remain absolutely 
the same,  

 –   The approach, which remains the surgeon’s 
choice.    

    Which Particular Equipment Must 
Be Used? 

 –     A long pin must be used, but this is already 
available as part of the initial equipment.  

 –   A long drill of the same diameter but longer 
than the one available: these drills are already 
available commercially.  

 –   The only specifi c tool is a special scissor for 
the dislocation, which is an adaptation of 
Moore’s scissor. Smith and Nephew have 
made the adaptation, drawings exist and the 
equipment has already been made after sev-
eral tests.  

 –   However, the full targeting box for the femoral 
component is no longer necessary.     

    Technique 

 We take for example a patient aged 42 years, 
practicing a combat sport since childhood, who 
has bilateral Tönnis stage IV osteoarthritis, fol-
lowing the aftermath of slipped epiphysis 
(Fig.  28.1a, b ) [ 6 ].
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      Preparation 
 The patient is moved into the lateral decubitus for 
anterior or posterior approach; Postero lower arm 
of the table was removed to facilitate the move-
ment of forward dislocation of the femoral head. 
After positioning the sheets, an image intensifi er 
protected by sterile sheets is set up to above the 
patient to obtain an anteroposterior incidence of 
the hip to replace.  

    Targeting the Pin 
 Without changing the position of the image 
intensifi er, it is possible to obtain a front view of 
the neck of the femur by rotating the lower limb 
in internal rotation by 10° and profi le view by 
positioning the limb in fl exion at 45°, with 
external rotation and abduction. The guide pin 
penetrates through a 1 cm small incision in the 
lateral sub- trochanteric zone opposite the low 
part of the lesser trochanter, medially in the 
antero posterior direction. It is oriented in the 
required direction according to the front and 
profi le incidences, along the axis of the neck or 
in slight valgus in the frontal plane, and at the 
centre of the neck in the sagittal plane. When 
the right direction is obtained, the pin is pushed 
toward the subchondral bone of the femoral 
head. The long perforated drill, guided by the 
pin, passes through the group comprising the 
femur neck, the head and the cortical bone of 
the femur head. All the material is then with-
drawn. The image intensifi er is removed. It is 

then possible to perform the chosen approach – 
the posterior, Hardinge, anterolateral or anterior 
approach.    

    Minimally Invasive Antero Lateral 
Approach for Hip Resurfacing: 
Technique 

    Preparation 

 The anterolateral approach of the hip goes behind 
the sheath of the fascia lata tensor muscle and in 
front of the gluteal muscles. This is a minimally 
invasive approach that enables no muscles to be 
desinserted. The installation is performed in the 
lateral decubitus position, with the posterior half- 
table section moved out of the way to facilitate 
the dislocation movement.  

    Incision 

 The incision is made extending from a point 
located 2 cm below the trochanteric ridge to a 
point on the anterosuperior iliac spine (ASIS). It 
starts, along this line, from the anterior edge of 
the greater trochanter, moving toward the ASIS 
over a length of 8–10 cm, without going past a 
point located two fi ngers below the ASIS to pre-
serve the vascular and nerve pedicle of the tensor 
fascia lata (Fig.  28.2a–c ).

a b

  Fig. 28.1    ( a ,  b ) Bilateral osteoarthritis stage Tonnïs IV due to sequelae of slipped epiphysis. ( a)  Antero posterior view, 
( b ) lateral view       
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       Hip Approach 

 After careful sectioning and haemostasis of the 
adipose tissue, the iliotibial band is identifi ed, tis-
sue with strong resistance that is incised along the 
entire length of the approach. The limb is posi-
tioned in fl exion and external rotation. A gentle 
dissection with scissors and by hand (Fig.  28.3a ) 
carried out at the distal part of the wound near the 
trochanter enables the space between the front of 
the fascia lata tensor muscle and behind the 
medium and small gluteal muscles (gluteus medius 
and minus). This space leads to the plane of the 
capsule (Fig.  28.3b ). The traps to avoid are basi-
cally perforating the aponevrosis of the fascia lata 
tensor muscle if the approach is too anterior, and 

crossing the anterior fasciculus of the gluteus 
medius muscle if the approach is too lateral. 
Generally, this space must be sought at the bottom 
of the incision and forwards by bypassing the 
fi bres of the gluteus medius muscle (Fig.  28.3a ).

       Capsule Dissection 

 The capsular plane can be recognised by palpat-
ing the anterior face of the neck and by exposing 
the capsule by means of angled retractors in an 
extra-capsular position above and below the neck 
(Fig.  28.3a, b ). The capsule must have a thick, 
fatty and yellow appearance. If there are muscles 
remaining after placing a retractor, these are 

a cb

  Fig. 28.2    ( a – c ) On a line from the pinhole to ASIS, the incision is performed from the anterior ridge of the trochanter 
to 2 cm before ASIS ( a ,  b ). It passes between tensor facia lata and medius and minus glutei       

a cb

  Fig. 28.3    ( a – c ) The ilio tibial band is opened behind the facia lata aponevrosis ( a ); the space between glutei and facia 
lata tensor are dissociated ( b ); the capsule is widely exposed ( c )       
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likely to be the fi bres of the gluteus minus. 
Another search must be made to fi nd the correct 
plane. The dissociation of the space upwards 
must stop above the refl ected ligament of the 
anterior link, without reaching the anterosuperior 
iliac spine, to prevent a lesion of the tensor of 
fascia lata nerve that comes from the gluteal ped-
icle in the plane between the small and medium 
gluteal muscle. For an ideal exposure of the ele-
ments between the joint and suffi cient clearance 
of the capsule, the capsule must be cleared cor-
rectly in the extra-capsular position before the 
incision is performed. The medial clearance is 
obtained by dissociating the capsule of the ten-
don of the rectus femoris muscle and by replac-
ing the angled retractor between the capsule and 
the tendon (Fig.  28.3c ). Towards the top, it is nec-
essary to create a space with a raspatory between 
the capsule, the iliac bone and the small gluteal 
muscle to expose the refl ected tendon of the rec-
tus femoris muscle (Fig.  28.3c ). An abdominal 
sheet is pushed between the space between the 
wing of Ilium and the gluteal muscles, to make a 
special space for the femoral head when exposing 
the acetabulum, at the top and rear above the sci-
atic notch.  

    Capsule Incision 

 The capsule is incised along the axis of the neck, 
from the intertrochanteric line up to the acetabu-
lum, then by the longest possible medial and 
 lateral counter incision, at the level of the inter-
trochanteric line and periacetabular region, to 
open up the capsule like a book. The very thick 
capsule can be suspended on a wire and sutured 
at the end of the procedure. The retractors are 
then positioned in the intra-capsular position 
(Fig.  28.4a, b ).

       Hip Dislocation 

 The hip is dislocated in extension –external rota-
tion – adduction. However, dislocation is diffi cult 
as long as the ligamentum Teres is intact. In the 
aforementioned position, the curved scissor is 

passed under the femoral head and impacted over 
the entire length (Fig.  28.5a–d ). It is also neces-
sary to remove the osteophytes from the anterior 
wall of the acetabulum, notably with regard to the 
anteroinferior iliac spine. A Lambotte’s hook is 
passed under the femoral neck. While assistance 
is given to make the adduction movement – exter-
nal rotation of the lower limb, the surgeon lifts 
the neck of the femur upwards (Fig.  28.5e, f ).

       Acetabulum Preparation 

 When the hip is dislocated, the lower limb is 
positioned in fl exion – external rotation. To do 
this, the leg passes from the back to the front of 
the table. The femoral pusher is used to help 
pass the femoral head under the gluteal muscles, 
below the acetabulum. A compression move-
ment in the axis of the femur is used to move the 
femoral head backwards. The lower limb is then 
positioned in fl exion – external rotation 
(Fig.  28.6a ).

       Exposure of the Acetabulum 

 A long angled retractor is positioned on the pos-
terior wall of the acetabulum in the convexity of 
the neck; another retractor is positioned at the 
level of the lower part of the anterior wall 
(Fig.  28.6b–d ). The capsule is sectioned at the 
bottom, opposite the transverse ligament of the 
acetabulum, over its entire length, in order to 
facilitate the posterior translation of the femoral 
head.  

    Reaming the Acetabulum 

 The acetabulum exposed in this manner can be 
prepared. The acetabulum is reamed by using 
the drill guide handle. An angled handle is rec-
ommended for minimally invasive approaches. 
The milling tools are fi rst positioned in the ace-
tabulum, then the support attaches to the milling 
tool which makes it easier to set up the equip-
ment. A useful piece of advice is to lock the 
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ring, in open position, with a piece of a drain so 
as to be able to attach and remove the handle of 
the reamer easily (Fig.  28.6e ).  

    Acetabular Implantation 

 Implantation of the acetabular component 
through the usual technique according to the 
component that is used. The acetabular compo-
nent has to be orientated less than 45° in a frontal 

plane. The cup is protected by a compress or 
plaque of guidance for the remainder of the 
procedure.  

    Exposure of the Femur 

 The lower limb is again positioned in extension – 
rotation External – adduction supplied by redo-
ing pass leg from the front to the back of the 
table. The head is well presented in incision 

a b

  Fig. 28.4    ( a ,  b ) The capsule is opened like a book ( a ); the capsule is widely released in the tidal acetabulum and along 
the intertrochanteric line ( b ). Incision: 1  along the neck,  2  distal,  3  Periacetabular       

a b

ed

c

  Fig. 28.5    ( a – e ) The hip is dislocated in extension, 
adduction and external rotation ( a ); a special long curve 
chisel introduced in the lower space of the head cuts the 

ligamentum Teres ( b, c ); A hook allow to tract up ( d ); the 
dislocated head ( e )       
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between the tensor fascia lata and buttocks. 
Spacers against bent can be exposed.  

    Femoral Preparation 

    Cylindrical Reaming 
of the Femoral Head 
 After impaction of the acetabular component, the 
femoral component is positioned in the direction 
provided by the perforation channel. Position the 
guide rod in this channel. The cylindrical reamer 
corresponding to the size of the cup chosen is 
positioned along this axis. The femur head is 
reamed up to the cylinder reamer guard.  

    Leg Length Determination 
 Surgeon has to determine the thickness of the 
base of the femoral component and removes it 
from the top of the head perpendicularly to the 
femoral guide. Different techniques can be per-
formed, using the trial component or a spacer of 
the thickness of the base of the femoral cup. A 
mark is made on the femoral head corresponding 
to the thickness of the base of the femoral com-
ponent if the lower limbs are not unequal in 
length.  

    Final Milling 
 The fl at cutting tool is fi tted and the femoral head 
reamed up to the mark made.

 –    Use the chamfer-cutting tool matching the 
size of the femoral component. The central 
canal is reamed to the diameter of the fi nal 
stem. The preparation of the head is now 
complete.  

 –   Trials.  
 –   Femoral component cementation: A notch, 

made at the front or rear of the femoral head 
depending on the approach, prevents the 
cement from causing too much pressure 
between the cup and the bone, and prevents as 
well impaction failure.     

    Reduction and Closure 
 Before reduction, similarly to any resurfacing, it is 
necessary to remove all the foreign bodies (cement 
and bone) to prevent any risk of confl ict and third-
body wear. This cleaning must be extremely thor-
ough. The reduction is made with the hip in fl exion 
while avoiding an abduction movement. After 
reduction, the correct orientation of the acetabular 
component must be checked, together with the 
absence of any cam effect when positioning the 

a b

ed

c

  Fig. 28.6    ( a – e ) The acetabulum is exposed in fl exion, abduction internal rotation ( a ); the head is pushed posteriorly ( b ) 
and is stabilised by a retractor ( c, d ); It is reamed with an angled handle introduce separately from the milling tools ( e )       
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limb in neutral position and by making, in exten-
sion of the knee, outward rotation movements. If a 
subdislocation of the head occurs, this means that 
either the acetabular part is positioned too far for-
ward, or there is a foreign body. Closure of the 
capsule. Fitting a drain, preferably low pressure. 
Closure of the iliotrochanteric band and the skin. 
Post operative Xrays.   

    Postoperative 

 The patient is lifted on the fi rst day with partial 
weight bearing. Rehabilitation of joint mobility 
in the second day. The canes are dropped at the 
end of the fi rst month.   

    A Series of 129 Cases Between 2003 
and 2009 

    Method 

 A prospective study was performed in a consecu-
tive series of 129 patients during 6 years. This 
study refl ects the learning curve of the technique. 
All the patients were operated on under general 
anaesthesia, by a single senior surgeon in our 
Department, using the technique described 
above. The fi rst 86 patients received the same 
metal-on-metal device Durom™(Zimmer, 
Warsaw, Indiana, USA) and the last 43 patients 
received Birmingham (Smith et nephew, UK) 
with an uncemented press-fi t acetabular compo-
nent and a femoral component inserted with 
Palacos™ gentamicin-containing cement. 

 All the radiographs had the same magnifi ca-
tion factor (1.15), and were evaluated by a single 
independent reviewer. The features assessed 
were the centring of the femoral component with 
regard to the femoral neck, in the coronal plane 
on the AP views and in the sagittal plane on the 
frog lateral views. Centring was rated as excel-
lent, good, fair, or poor. The angle between the 
stem of the femoral component and the axis of 
the femoral neck was measured on the AP and 
the lateral views. An angle of between −3° (AP: 
varus; lateral: retroversion) and +3° (AP: valgus; 

lateral: anteversion) was judged satisfactory. The 
angle between the femoral component stem and 
the femoral shaft was measured and compared 
with the pre-operative neck-shaft angle. Femoral 
offset was measured pre- and postoperatively. 
Centring of the acetabular component was 
assessed with the technique described by 
Pierchon et al. Centring was considered good if 
the difference between the desired value and the 
measured value was < 5 mm; fair, if it was 
between 5 and 10 mm; and poor if it was > 10 mm. 
A check was also made to see whether the com-
ponent was too high, too low, too far to medial, or 
too far to lateral. 

 The main results to assess the value of a tech-
nique described by acetabular pin guided ampli-
fi er are summarized in Fig.  28.7a, b .

   The mean operative time was 111 min (75–
100), with markedly shorter times towards the end 
of the series. The mean duration of fl uoroscopy 
was 24 s corresponding to an average of six views 
of 2 s by intervention. There were three intra-oper-
ative complications: one guide pin breakage, one 
tilting of the acetabular component during reduc-
tion (Durom), and one anterior dislocation of the 
femoral head. The fi rst two complications were 
noted intra-operatively; the third was seen on the 
immediate postoperative fi lm, and necessitated 
immediate operative correction under the same 
anaesthetic. There were no intra- operative frac-
tures. Postoperatively, one patient had a painful 
haematoma, as a result of a blocked suction drain. 

 The mean in-patient stay was 6.7 days (6–14 
days); two thirds of the patients were discharged 
home. 

 The calculated mean RBC loss was 611 ml 
(147–1087). Given a mean pre-operative haema-
tocrit of 44 %, this meant a mean blood loss of 
1388 ml. 

 Cement leaks were found in four cases; all the 
leaks were along the underside of the neck. The 
positioning of the femoral component stem was 
excellent or good in over 96 % of the cases on the 
AP radiographs, and in over 90 % on the lateral 
radiographs. None patient had varus of the femo-
ral component comparatively to the CCD angle 
of the pre operative hip. An excellent femoral off-
set had been restored or preserved.   
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    Discussion 

    Advantages and Disadvantages 
of the Use of a Guide Pin 

    Advantages 
 –     Simple, safe positioning of the cup in the fron-

tal and sagittal plane. Currently, positioning 
errors are basically made with the targeting 
guide available in the sagittal plane.  

 –   Conservation of the neck vascularisation: it is 
unnecessary to dissect the soft tissues around 
the neck to be able to palpate and carry out the 
targeting, so the arrival of the retinacular arter-
ies that vascularise the head is maintained.  

 –   As the milling is performed along the good 
axis, this avoids creating a notch on the upper 
part, which is a source of fractures.  

 –   The choice of length, after fi tting the femoral 
component, can be adapted since the upper 

a

b

  Fig. 28.7    ( a, b ) Main results of assessing the value of a technique described by acetabular pin guided amplifi er are 
summarized       
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part of the head has not been removed to posi-
tion the equipment.  

 –   The learning curve is fast: all orthopaedic sur-
geons are able to place a front and profi le pin 
in a femur neck or at the centre of a head.  

 –   There are few specifi c instruments: Actually 
this reduces the quantity of equipment for this 
seemingly complex operation.  

 –   All approaches are enabled with the pin tech-
nique, both posterior and anterior.  

 –   The pin technique enables a minimally inva-
sive approach to be used more easily, as it is 
no longer necessary to make large femur neck 
incisions to expose it. An available exit hole is 
all that is required.  

 –   Hess et al. [ 7 ,  8 ] advocate the use of navigation to 
obtain a well-centred femoral component. We feel 
that this would add to the time required and to the 
cost of the procedure; above all, navigation pro-
vides a computer image of the femoral  head  as an 
aid to the determination of the head centre, while 
what is actually required is a correct assessment of 
the femoral  neck  axis. In order to obtain a com-
puter image of that axis, one would need to gauge 
around the neck, which would entail the exposure 
and, hence, the devascularisation, of the neck. It 
is, in fact, simpler, safer, and very much less 
expensive to insert a guide pin with fl uoroscopy.     

    Disadvantages 
 –     This technique requires the use of an image 

intensifi er. The average time for a trained sur-
geon is 20–40 s. This is the typical time used 
for fi tting a pin in a neck for a dynamic screw- 
plate or a gamma nail or any other technique 
that requires targeting the femur neck.  

 –   The surgeon must plan the right direction he 
wants to give the femoral cup, taking into account 
initial architectural distortion and good manage-
ment constraints which most often leads to posi-
tion the cup valgus parallel to the spur of Merckel.  

 –   For the right direction of the pin, he may need 
to reposition it.  

 –   It is important to change the pin for each oper-
ation, as there is a risk of the pin breaking if 
such a pin is used.    

 To summarise, the pin technique is simple, 
within the reach of all surgeons and can be used 

for any approach. It makes the placement of the 
femoral component safer.   

    Advantages and Risks 
of the Anterolateral Approach 

    Advantages 
 –     The glutei muscle may be mobilised by rotat-

ing the hip, where as the tensor fascia lata and 
the Sartorius are biarticular muscles that do 
not lend themselves to mobilisation.  

 –   The posterior part of the capsule and the short 
external rotators are preserved.  

 –   This ensures maintenance of the femoral neck 
blood supply [ 9 – 13 ], which is a major consid-
eration in resurfacing arthroplasty.  

 –   Also, a strong posterior capsule and intact mus-
cles will ensure that the hip is better stabilised, 
both actively and passively, to resist forces that 
may produce posterior dislocation [ 14 ,  15 ].  

 –   The anterolateral approach provides good 
exposure of the anteverted femoral neck, and 
facilitates resurfacing. The acetabulum is seen 
head-on, which reduces the risk of a cam 
effect on the reamers.  

 –   This is a direct approach on the capsule. It is 
unnecessary to use an orthopaedic table. The 
patient is in the lateral decubitus position and 
the dislocation is carried out at the front, 
which enables the femur head to be presented 
in the approach.  

 –   Dislocating the head backwards exposes the 
acetabulum, which is the usual position for 
traumatic hip dislocations. The head is 
located above the sciatic notch and the sciatic 
nerve is slack. Moreover, paralysis of the sci-
atic nerve after pure dislocation is rare in 
traumatology.  

 –   Rehabilitation is faster. Subsequent surgery 
is made easier in the event of wear or a frac-
ture of the neck. It is possible to take an 
anterolateral approach or use a new posterior 
approach.     

    Disadvantages 
 –     The learning curve can be evaluate around 20 

cases including the learning of the cups’ 
positioning.  
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 –   This approach is hard to perform when the shape 
of the femur is retroversion and varus. The ideal 
is to master the posterior approach also.  

 –   This surgical approach leads to the surgeon 
too anteverted acetabular cup.  

 –   The haemostasis should be careful to avoid a 
postoperative hematoma.  

 –   Two assistants are required.       

    Conclusion 

 Resurfacing has made a major contribution to 
hip arthroplasty in young subjects. It permits 
patients to be physically active, preserves 
bone stock, and allows revision to a standard 
THR, usually with the acetabular resurfacing 
component left  in situ  [ 16 ]. 

 The use of an anterolateral approach and a 
guide pin makes this a minimal-incision pro-
cedure like the one proposed for THR. The 
postoperative management is simplifi ed. 
Above all, the vascularity of the neck is pre-
served, and the femoral component can be 
correctly placed even in badly deformed heads 
whose centre is out of line with the neck axis. 

 Mastery of the technique involves a learning 
curve. Surgeons may not initially be familiar 
with the anterolateral approach, the fi tting of the 
femoral component, or the insertion of the ace-
tabular component for a large-diameter head. 
Consciously, this paper includes the results of a 
learning curve to be sure that this new technique 
does not induct severe or mild complications. 
Learning may advantageously start with doing a 
THR using a large-diameter femoral head, 
through the anterolateral approach. It should of 
course take into account the complications 
resurfacing, fractures of the femur neck, but also 
reactions to metal debris released by the couple 
(ALVAL and solid tumors).     

   References 

    1.    Chiron P. Use of a guide wire in hip resurfacing arthro-
plasty. Osteologie. 2005;14:65–8.  

    2.    Hurst JM, Millett PJ. A simple and reliable technique 
for placing the femoral neck guide pin in hip resurfac-
ing arthroplasty. J Arthroplasty. 2010;25:832–4.  

    3.    Wirth CJ, Gosse F. Improved implantation technique 
for resurfacing arthroplasty of the hip. Oper Orthop 
Traumatol. 2006;18:214–24.  

    4.   Bertin KC, Rottinger H. Anterolateral mini-inci-
sion hip replacement surgery: a modifi ed Watson-
Jones approach. Clin Orthop Relat Res. 2004;429:
248–55.  

    5.   Chiron P, Pailhe R, Reina N, Ancelin D, Sharma A, 
Maubisson L, et al. Radiological validation of a fl uo-
roscopic guided technique for femoral implant posi-
tioning during hip resurfacing. Int Orthop. 
2013;37(3):361–8.  

    6.   Murgier J, Espie A, Bayle-Iniguez X, Cavaignac E, 
Chiron P. Frequency of radiographic signs of slipped 
capital femoral epiphysiolysis sequelae in hip arthro-
plasty candidates for coxarthrosis. Orthop Traumatol 
Surg Res. 2013;99(7):791–7.  

    7.    Hess T, Gampe T, Kottgen C, Szawlowski B. 
Intraoperative navigation for hip resurfacing. Methods 
and fi rst results. Orthopade. 2004;33:1183–93.  

    8.    Schnurr C, Michael JW, Eysel P, Konig DP. Imageless 
navigation of hip resurfacing arthroplasty increases 
the implant accuracy. Int Orthop. 2010;22(3):
307–16.  

    9.    Beaule PE, Campbell P, Lu Z, Leunig-Ganz K, Beck 
M, Leunig M, Ganz R. Vascularity of the arthritic 
femoral head and hip resurfacing. J Bone Joint Surg 
Am. 2006;88 Suppl 4:85–96.  

   10.    Beaule PE, Campbell P, Shim P. Femoral head blood 
fl ow during hip resurfacing. Clin Orthop Relat Res. 
2007;456:148–52.  

   11.    Leunig M, Ganz R. Vascularity of the femoral head 
after birmingham hip resurfacing. A technetium tc 
99m bone scan/single photon emission computed 
tomography study. J Arthroplasty. 2007;22:784–5; 
author reply 785–6.  

   12.    McMahon SJ, Young D, Ballok Z, Badaruddin BS, 
Larbpaiboonpong V, Hawdon G. Vascularity of the 
femoral head after birmingham hip resurfacing. A 
technetium tc 99m bone scan/single photon emission 
computed tomography study. J Arthroplasty. 
2006;21:514–21.  

    13.    Steffen R, O’Rourke K, Gill HS, Murray DW. The 
anterolateral approach leads to less disruption of the 
femoral head-neck blood supply than the posterior 
approach during hip resurfacing. J Bone Joint Surg Br. 
2007;89:1293–8.  

    14.    Mont MA, Ragland PS, Marker D. Resurfacing hip 
arthroplasty: comparison of a minimally invasive ver-
sus standard approach. Clin Orthop Relat Res. 
2005;441:125–31.  

    15.    Nork SE, Schar M, Pfander G, Beck M, Djonov V, 
Ganz R, Leunig M. Anatomic considerations for 
the choice of surgical approach for hip resurfac-
ing arthroplasty. Orthop Clin North Am. 2005;36:
163–70.  

    16.   Pailhe R, Sharma A, Reina N, Cavaignac E, Chiron P, 
Laffosse JM. Hip resurfacing: a systematic review of 
literature. Int Orthop. 2012;36(12):2399–410.      

P. Chiron



341© Springer-Verlag London 2016 
D.G. Poitout (ed.), Biomechanics and Biomaterials in Orthopedics, 
DOI 10.1007/978-1-84882-664-9_29

Biomechanics of Osteosynthesis 
by Screwed Plates

Emanuel Gautier

Internal fixation of fractures using plates developed 
more than 100 years ago following the widespread 
use of radiographs. Hansmann reported the tech-
nique of plating lower limb shaft fractures as early 
as in 1886 and presented a plate design allowing 
subcutaneous insertion of the plate and percuta-
neous insertion of the plate screws [1]. Lambotte, 
Lane and Sherman experimented in the first 
decades of the twentieth century with new implant 
materials and improved the plate and screw designs 
to decrease the risk of corrosion and mechanical 
failure of the implants [2–4]. Danis, Bagby and 
Müller introduced the concept of compression plat-
ing to improve the stability of fixation and to pro-
tect the implant from mechanical overload [5–7].

Since then, conventional plating techniques 
and plate designs have evolved constantly. This 
evolution is based on an improved understanding 
of the biology of fracture healing, of the biome-
chanics of fracture fixation, and on experience 
analyzing previous failures - such as fatigue fail-
ure of the implants, deep infection, and delayed 
union or non-union. It has involved the implants, 
the technique of its application, and the surgical 
technique with bone and soft tissue care or recon-
struction [8–32] (Table 29.1).

 Biological Aspects of Plate Fixation

 Blood Supply of Cortical Bone

The three primary components of the afferent 
vascular system to bone tissue are the principal 
nutrient artery, the metaphyseal arteries, and the 
periosteal arterioles. The nutrient and metaphy-
seal arteries together compose the medullary 
arterial system which is the major afferent supply 
nourishing about the inner two thirds of the bone 
cortex. The periosteal vessels enter the cortex 
mainly at sites of fascial and muscle attachment 
and appear to supply the outer third of the bone 
diaphysis [33–38]. Cortical circulation usually 
flows in a centrifugal direction. In the diaphy-
sis the inner cortical layers are drained through 
venous channels, the periosteal layers directly 
by periosteal capillaries. In case of damage to 
the medullary system following trauma or opera-
tion a compensatory flow reversal occurs to some 
extent [33, 38–42].

 Vascular Disturbance Due to Trauma, 
Surgery, and Implant

As a result of bone fragmentation and displace-
ment of fragments, periosteal, intracortical and 
endosteal vessels are ruptured [13, 35–37, 41, 
43]. At each fracture line all intracortical ves-
sels are disrupted due to the direct damaging of 
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Table 29.1 Common mechanical terms and formula

Brittle material Material with no or low capacity of plastic deformation.

Ductile material Material with large capacity of plastic deformation.

Elasticity Reversible deformation of a material. The material regains its original dimensions and shape 
after unloading.

Elastic  
modulus E

Constant of proportionality between stress and strain. Slope of the initial curve of a stress–
strain diagram. Represent the stiffness of a material to an imposed load. Also called modulus of 
elasticity, Young’s modulus.

E = δσ/δε = tanφ
Friction Friction force at an interface. Product of a force perpendicular to a surface and a proportional 

constant (friction coefficient).

Ff = ρ Fa

Plasticity Irreversible deformation of a material. Materials capable of withstanding large strains are 
referred to as ductile materials; the converse applies to brittle materials.

Stability Degree of relative movement between fragments. Absolute stability means no motion between 
fragments under given load. Relative stability means that the fragments displace under load, but 
go back to the initial position with unloading.

Stiffness The resistance of a material to deformation under load. The higher the stiffness of a material the 
smaller its deformation under a given load.

The product of the cross-sectional area and the elastic modulus expresses axial stiffness:

Rax = A E

Bending stiffness is defined as the product of the axial area moment of inertia (with respect to 
the individual bending axis) and the elastic modulus:

Rbe = Iax E

Strain ε Deformation of a material under a given load. It is expressed as elongation per unit of original 
length and is a dimensionless quantity.

ε = Δl/l0

Strength Ability of a material to withstand load without structural failure. It can be reported as ultimate 
tensile strength, as bending strength or torsional strength. It is expressed in units of force per 
unit of area (stress) or elongation at rupture (strain).

Stress σ Force per unit cross-sectional area. Stress is directly proportional to strain with the elastic 
modulus (E) as constant of proportionality. Unit of stress is Newton/m2 (Pa). Normal stress 
means that the force is acting perpendicular to the surface, shear stress that the force acts 
parallel to a surface.

σ = F/A

σ = E ε

its surrounding osteons. Major displacement of 
the fracture fragments may disrupt larger vessels 
like the nutrient artery, the central artery or its 
intramedullary branches. This disruption of the 
medullary blood supply in turn leads to avascu-
larity and devitalization of a large amount of the 
bone cortex. The stripping of the periosteum with 
its vascular network during injury is of particular 
importance, because disruption of the periosteum 
may be severe or total between fragments leaving 
smaller fragments completely devascularized.

The surgical approach to the fracture leads 
to an additional considerable vascular damage 

to the bone tissue by the soft tissue retraction. 
Additional damage is added by subperiosteal 
exposure that leads to more damage compared 
to careful epiperiosteal exposure [44]. Fragment 
manipulation by reduction clamps and the plates 
itself result in further damage to the blood supply 
of bone. Complete visualization of the fracture 
area is needed neither for fracture reduction nor 
for positioning of the plate and insertion of the 
screws [15, 45, 46].

In conventional plating technique some 
amount of contact between plate and bone 
is needed for stability reasons to allow load 
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 transmission by friction at the interface. The 
axial screw force generated by tightening the 
screws and the compressive strength of cortical 
bone gives the minimum area required for load 
transfer. Shaping the plate to the bone surface as 
exactly as possible is mandatory not to be faced 
with the problem of secondary fracture dislo-
cation when the fragment is pulled towards the 
plate by tightening the screws. The biological 
disadvantage of the conventional contact plating 
concept is the appearance of a relatively large 
zone of blood supply disturbance directly under-
neath the implant (Fig. 29.1a, b). This deficiency 
of perfusion is caused by direct compression of 
the periosteal vascular network under the plate 
and leads to necrosis of cortex adjacent to the 
plate [47–55]. Dead bone can only be revitalized 
by removal and replacement (creeping substitu-
tion), a biological process which takes a long 
time to be completed. During the recovery of the 
blood supply, a temporary porosis of the bone is 
observed as a result of the tremendous intracorti-
cal remodeling. The remodeling activity starts at 
the boundary between vital and initially devascu-
larized bone and is usually directed towards the 
implant (Fig. 29.2a, b). It is accepted that necrotic 
tissue disposes to and sustains infection [56]. The 
recovery of the original bone structure and vital-
ity generally takes more than one year. In the past, 
many authors have tried to explain this  temporary 

a

b

Fig. 29.1 Vascular disturbance underneath a conven-
tional plate. The compression of the periosteal vessels 
results in an avascular area underneath a conventional 
plate (a). The bone section at 4 weeks reveals the impor-
tance of the disturbance of the blood supply under the 
plate, which is mainly due to impairment of the venous 
efflux (b)

a b

Fig. 29.2 Bone remodelling after plating. At ten weeks 
after plating, fluorescent labelling of cortical bone shows 
that the remodelling activity starts at the boundary 
between the zone of avascular bone and viable bone (a). 

The remodelling front reaches the periosteum at about 20 
weeks resulting in complete revascularization of the 
formerly avital bone cortex. This creeping substitution of 
bone results in a temporary porosity (b)
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bone porosity as a functional adaptation of the 
bone structure to the unloading effect of the plate 
according to Wolff’s law [57–69]. The newer 
generations of plates (limited contact, no contact 
implants) decrease the amount of devasculariza-
tion of cortical bone due to a reduction or the 
complete absence of implant-bone contact.

 Fracture Healing and Stability 
of Fixation

Fracture healing is the recovery of the biological 
and mechanical integrity of the osseous tissue, i.e., 
return of the prefracture tissue vitality and structure 
as well as the prefracture stiffness and strength of 
the injured bone segment [70]. The amount of sta-
bility achieved by implants is the mechanical input 
for the biological response of bone healing. Beside 
the injury itself, the healing process additionally 
is modulated by the additional surgical damage to 
the bone and surrounding soft tissue envelope dur-
ing the process of reduction and fixation [9, 25, 71, 
72]. In plate osteosynthesis the importance of the 
amount of mechanical stability to achieve direct 
bone healing was overestimated for a long time. 
Forcing precise reduction to improve the postop-
erative radiological appearance was likely to be 
linked to additional and sometimes extensive sur-
gical trauma with stripping and denuding of bone 
fragments. Because dead bone is unable to heal 
some of the possible complications such as deep 
infection, non-union, delayed union, and refrac-
ture have to be attributed to the iatrogenic surgi-
cal tissue damage during the operative procedure. 
Radiographically and histologically different heal-
ing patterns can be differentiated depending on the 
local mechanical environment [3, 6, 73].

Absolute stability is present when the fracture 
is stabilized by a stiff implant which maintains the 
fracture reduction with no or minimal displace-
ments occurring under functional loading. As a bio-
logical consequence primary bone healing without 
radiographically visible callus formation occurs. It 
can be assumed that fragment end necrosis induces 
internal remodeling of the bone which repairs the 
fracture by the effect of crossing osteons.

Flexible fixation allows the fracture fragments 
to displace in relation to each other when load is 

applied. The external load results only in reversible 
deformation of the splint. After unloading, the frac-
ture fragments move back into their former relative 
position. When the load results in an irreversible 
deformation of the splint, the fragments remain per-
manently displaced. Such a situation with plastic 
deformation of the implant is called unstable fixa-
tion. All fracture fixation devices possess different 
degrees of implant stiffness and lead to fixations 
of gradually differing flexibility depending on how 
they are applied and loaded. It appears likely that 
some flexibility of fixation is the most important 
mechanism triggering and inducing callus [74].

In bone healing, the strain conditions of the 
involved tissues have to be taken into account 
when judging under which condition bridging by 
bone formation will occur or a non-union devel-
ops (Table 29.2). The comminution reduces the 
strain magnitude of the interfragmentary tissues 
in each gap for a given amount of overall dis-
placement, thus allowing its safe differentiation 
and ossification. On the other side, a small gap 
with some instability still present increases the 
strain of the interfragmentary repair tissue with 
inherent risk for non-union [75].

 Mechanical Aspects of Plate 
Fixation

 Basic Mechanical Principles 
of Internal Fixation

There are two basic mechanical principles how a 
fractured bone can be stabilized:  interfragmentary 

Table 29.2 Stability of fixation, strain of interfragmen-
tary tissues and biological bone reaction

Stability of fixation

Gap width Rigid Flexible

Small or 
no gap

Direct bone healing Delayed union, 
non-union

Large No stimulus for bone 
formation

Callus healing

With no gap and stable fixation primary bone healing 
occurs. A small gap with some motion results in high 
tissue strain and therefore in delayed union or non-union. 
A large gap with some motion between the fragments 
stimulates callus formation. A large gap rigidly fixed by 
implant shows no healing tendency because no mechanical 
stimulus for bone formation is present
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compression and splinting. Interfragmentary 
compression functions by the elastic preload of 
both, the bone and the implant. Thereby, the plate 
is loaded in tension and the bone in compression 
creating high amounts of friction between the 
bone fragments. Interfragmentary compression 
can either be static, i.e., induced as a result of a 
pretensioned implant, or dynamic, i.e., generated 
by means of the functional load allowing coapta-
tion of the fragments along a non locked internal 
or external splint. Static interfragmentary com-
pression can be accomplished only in case of 
at least a partial bony contact between the main 
fragments. Additionally, interfragmentary com-
pression is very sensitive to minimum amounts of 
motion-induced bone resorption, diminishing the 
preload of both, the implant and the bone, with 
consecutive loss of stability [76, 77].

Splinting consists of the connection of an 
implant to a broken bone. The stability of this 
composite system depends on the stiffness of 
the splint itself, the quality of coupling between 
the splint and the bone, and the presence or 
absence of fracture comminution and bone 
defects. Depending on the localization of the 
implant, splinting can either be external or inter-
nal. Internal splints can be positioned inside or 
outside the medullary cavity. Depending on the 
mechanical use of the implant, a splint can be 
either gliding (nonlocked or dynamically locked) 
or nongliding (statically locked). The plate 
design itself does not define its later mechanical 
function; it can be used for splinting and/or for 
compression osteosynthesis.

 Plate Designs and New Plate 
Developments

The Dynamic Compression Plate (DCP) was 
introduced in 1969 [8]. The idea of this plate was 
to enhance stability of fixation by interfragmen-
tary compression and load transfer by friction 
(Fig. 29.3a-c). To improve periosteal vascularity 
underneath a plate, in a first step the plates were 
undercut as far as safe application of the plate 
screws would allow without exceeding the com-
pressive strength of the underlying cortical bone. 
The Limited Contact Dynamic Compression 

Plate (LC-DCP) which is still in clinical use was 
the first implant modified to preserve the bone 
circulation [12, 78, 79]. Nevertheless, some con-
tact between bone and implant is still needed to 
allow load transfer by a friction force at the inter-
face created by tightening the screws.

The next step consisted in minimizing the 
plate-bone contact to isolated points only. With 
the Point Contact Fixator (PC-Fix) the plate is 
not compressed towards the bone. The isolated 
contact points between the plate holes serve only 
to hold the plate at a distinct distance from the 
bone surface as soon as the screw heads engage 
in a conical non-threaded plate hole [80]. With 
the PC-Fix the load transmission is based on the 
partial interlocking of the screw heads in the plate 
holes. Thus, the amount of contact of the implant 
remains very small and without any adverse bio-
logical or mechanical effects to the underlying 
bone (Fig. 29.4).

Nowadays, conventional plating is increas-
ingly replaced by using internal fixators. Internal 
fixators are “plates” (splints) with completely 
locked screw heads. These implants are not 
pressed onto the bone and do not need any contact 
between implant and bone. Further advantages 
are the possible reduction of the screw length 
to monocortical dimension with the advantage 
not to need screw length measurements and the 
possibility of using self-drilling and self-tapping 
screws.

The Less Invasive Stabilization System (LISS) 
was the first internal fixator of the AO-ASIF con-
ceived for the meta- and epiphyseal regions of 
the distal femur and proximal tibia (Fig. 29.5). 
Its shape conforms to the anatomical contours of 
the specific area of the bone and is designed for 
application via a minimally invasive submuscular 
approach. First step is the anatomic reconstruc-
tion of the articular component followed by the 
restoration of the correct bone axis in all planes 
using the femoral distractor [81, 82].

A further development is the Locking 
Compression Plate System (LCP) which offers 
the advantage that the surgeon can choose during 
the operation whether to use it with conventional 
(non-locked) screws, with locked screws, or with 
a combination of both [83]. The specific design 
of the plate hole shows two functional elements: 
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The first half of the hole comprises a dynamic 
compression unit that is intended for a standard 
cortical or cancellous bone screw. As in stan-
dard DC-plating technique the eccentric screw 

 insertion allows an axial compression at the frac-
ture site to be achieved. Additionally, the screw 
can be angulated with respect to the longitudinal 
and transverse plate axis. The second half of the 

a

b

c

Fig. 29.3 Mechanism of dynamic compression. When a 
plate screw is inserted eccentrically (a) the screw head 
slips down along the oblique part of the CD-hole (b). By 

tightening the screw compression in the fracture plane and 
friction at the interface bone-implant is created (c)
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hole is threaded and conically shaped permitting 
the locking of the special locking head screws 
(Fig. 29.6a-c). The conical shape of the threaded 

screw head stops the tightening well before the 
thread within bone sustains critical loads. This 
in addition eliminates plastic deformation of the 
screw while tightening and equally excludes the 
reported high incidence of screw failures dur-
ing insertion of conventional screws. No contact 
between bone and implant is needed for load 
transmission. The angular stability of the screws 
results in a lower incidence of screw loosening 
and secondary displacement of the fracture frag-
ments. In addition, the protection of the perios-
teal blood supply is superior and in subcutaneous 
and submuscular plating techniques there is no 
need for accurate contouring of the plate [84–86].

Due to the surgical needs for plate-screw 
systems allowing locking of the screws in dif-
ferent directions other systems were developed. 
The plate hole of the Variable Angle Locking 
Compression Plate has four columns of threads 
providing four points of locking between the 
Variable Angle LCP and the variable angle 
screw, forming a fixed-angle construct at the 
desired screw angle (Fig. 29.7a, b). Screws can 
be angulated anywhere within a 30° cone around 
the central axis of the plate hole (Fig. 29.8a, b). 
The variable angle LCP combi hole combines a 
dynamic compression hole with a variable angle 
locking screw hole and provides flexibility of 
selecting either axial compression or variable 
angle locking in the same plate hole.

Another technical solution is found with 
the noncontact bridging plate (NCB) technol-
ogy allowing polyaxial screw placement with 
screw locking achieved through the use of lock-
ing caps that are threaded into the plate holes. 
Nevertheless, due to the fact that the locking of 
screw with the locking cap is performed after 
screw tightening the biological advantage of a 
no contact system can be abolished (Fig. 29.9). 
On the biomechanical side all this variable angle 
screw locking system are as safe as the plate sys-
tems with fixed angle locking screws [87–89].

 Load Transfer in Conventional Plating

In a conventional plating technique, insertion and 
tightening of the plate screw generates an axial 
screw force (Fa), which compresses the plate onto 

Fig. 29.4 Undersurface of different plates. The undersur-
face of a conventional dynamic compression plate (DCP), 
the limited contact dynamic compression plate (LC-DCP), 
and the point contact fixator (PC-Fix) is shown

Fig. 29.5 Less invasive stabilization system (LISS). The 
screw head and the plate hole have a conical thread. This 
construction composes a tight and fix angle connection 
between plate and screw
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the bone surface. This compression leads to a fric-
tion force (Ff) at the interface bone-implant. The 
friction force is proportional to the amount of com-
pression with the specific bone-implant coefficient 
of friction (ρ) as a constant of proportionality. 
Under functional loading, a plate osteosynthesis is 
loaded mainly in bending and in axial load. These 
loading patterns tend to displace the plate with 
regard to the bone. As soon as the external load (Fe) 
exceeds the amount of friction force installed at the 
plate-bone interface, the plate will slip on the bone 
(Fig. 29.10). Under stable conditions, the screw 
is mainly loaded in tension. Once the plate starts 

slipping on the bone surface an additional bend-
ing moment at the screw head-screw shaft junction 
is present [77]. The advantage of the conventional 
plating is the possibility to angulate the screws 
with respect to the plate surface (Fig. 29.11). The 
disadvantage is that with time the axial screw force 
is diminished due to bone remodelling around the 
screw threads leading to a corresponding decrease 
of the friction force at the bone-implant interface. 
In addition, in osteoporotic bone the maximum 
screw force that can be obtained by screw tighten-
ing can be very low from the beginning resulting in 
a low friction force and later instability.

a b

c

Fig. 29.6 Locking compression plate (LCP). The lock-
ing compression plate is a further modification of the 
dynamic compression hole. The one half consists of a 
regular dynamic compression hole; the other half is coni-
cal and threaded (a, b). Standard cortical or cancellous 

bone screws as well as locked head bone screws can be 
inserted according to the surgeon’s preference and the 
mechanical demands of the fixation. The LCP is an asym-
metrical plate with a defined middle section of the plate 
(c)

a b

Fig. 29.7 Variable Angle Locking Compression Plate. 
The section through the plate hole shows that the plate 
hole is partially threaded (a). The view from above shows 

the four columns of threads providing corresponding four 
points of locking between the screw head and the plate (b)
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 Load Transfer in Locked Screw Head 
Plating

In contrast to the conventional plating tech-
nique, in “locked screw head” plating no contact 
between implant and bone is needed for load 
transfer from one main fragment to the other. 
Therefore, no friction force is generated by axial 
screw force at the interface bone-implant to with-
stand the displacement forces. Mechanically this 
so-called internal fixator is defined as a construct 
in which the screws are the principal load-trans-
ferring elements from the main bone fragments 
to the implant. In such a construct the screws are 
firmly locked to the internal fixator to allow for 
moment and force transfer (Fig. 29.12). Thus, 

the longitudinal displacement forces acting on 
the construct are directly transferred from the 
bone to the implant by bending and shear across 
the screw neck [45, 80]. The advantage of the 
locked screw head is the change of the mechani-
cal loading condition of the screw, which now is 
mainly in bending and less in axial pull-out. The 
disadvantage is the complete loss of the surgical 
feeling of screw tightening. Even in weak bone, 
the threaded screw head engages firmly inside 
the plate giving false information about the hold-
ing of the screw inside the bone. The former 
disadvantage of the fixed angle screw direction 
inside the LCP is resolved with the newer gen-
eration of Variable Angle Locking Compression 
Plates.

a b

Fig. 29.8 Variable Angle Locking Compression Plate. 
The section through the plate hole shows that with screw 
insertion perpendicular (a) or oblique (b) to the plate 
surface only small part of the threaded spherically shaped 

screw head and the conically shaped threaded plate hole 
are kept in contact assuring on the the tight locking and 
allowing angulation of the screw with respect to the plate 
surface
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 Plate Fixation in Osteoporotic Bone

In osteoporotic bone the commonly recom-
mended fixation concepts fail, because bone 
quality is poor. Holding power of each screw in 

conventional plate osteosynthesis is decreased 
leading to the problem of early pullout of screws 
and secondary fracture displacement. A possibil-
ity to enhance the quality of fixation is the use of 
bone cement. Bone cement can be used around 
blade plates to diminish the danger for cut-out 
and around the intramedullary part of the screws 
to enhance the holding power. In such a case, two 
screws should be angulated to each other and the 
intramedullary space in between should be filled 
with bone cement (Fig. 29.13). After polymer-
ization the screws are tightened. The pairwise 
obliquely inserted screws give a very stable fixa-
tion of the plate.

In osteoporotic bone fracture fixation using 
the internal fixator concept seems to be advanta-
geous, because stability of fixation does not rely 
on an axial screw force creating a friction force at 
the implant-bone interface, but on locked screws 
loaded mainly in bending during functional 
loading.

Another possibility to increase the holding of 
screws in osteoporotic bone is the use of “schuhli 
nuts”. Schuhli nuts are placed underneath the 
plate and have an identical thread like the con-
ventional cortical screws. Tightening the screw 
locks it within a plate hole creating an angular 
stability of the screw-plate-schuhli construct with 

Fig. 29.9 Noncontact Bridging Plate (NBC). Plate 
screws can be inserted with some angulation with respect 
to the plate surface. Locking in the final screw position is 
achieved by tightening locking caps creating high friction 
force between the cap and the spherically shaped 
unthreaded screw head
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Fig. 29.10 Load transfer in conventional plating. 
Tightening of a conventional plate screw results in tensile 
load of the screw and in compression at the interface 

bone-implant. This in turn creates friction at the interface 
able to withstand external loads tending to displace the 
plate on the bone surface
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enhanced holding power (Fig. 29.14). The advan-
tage of the schuhli nuts is avoiding the potential 
adverse effects of bone cement on fracture heal-
ing with extravasation and thermal necrosis [90–
92]. But, the fiddling factor of the schuhli nuts 
is more important than with the use of a locking 
screw head system (LCP, LISS).

 Mechanical Characteristics of Plates

Most plates used for osteosynthesis are still 
metallic implants (stainless steel or titanium). The 
availability of the material and more  important 

the excellent mechanical and biological proper-
ties of metals are the main reasons for its wide-
spread use in internal fixation. Metals offer on 
the mechanical side high stiffness and strength 
to withstand deformation or fatigue failure, suf-
ficient ductility to allow shaping of the implant, 
corrosion resistance and on the biological side 
good tissue compatibility without localized toxic 
reactions [93–96].

According to Hooke’s law the relationship 
between stress and strain is linear for all materi-
als up to the proportional limit (“ut tensio sic vis” 
Robert Hooke 1676). The slope of the curve is a 
measure for the stiffness of the material; it is high 
in rigid implants and low in flexible implants. 
In the following short part of the stress–strain 
diagram deformation of the material is still elas-
tic, but disproportional until the elastic limit is 
reached. At the yield point plastic deformation 
(creeping) of the material occurs without a sub-
stantial change of the stress magnitude. Elasticity 
means that the material regains completely its 
original dimensions upon removal of the applied 
forces. With further loading a plastic and irrevers-
ible deformation of the material occurs. Materials 
capable of withstanding large strains are referred 
to as ductile materials; the opposite applies for 
brittle materials. In osteosynthesis ductile mate-
rials are needed to allow shaping and contouring 
the implants. The highest point of the diagram is 
called the ultimate strength of the material. The 
endpoint of the diagram is given by the failure of 

Fig. 29.11 Adjustment of plate screws in conventional 
plating. The advantage of conventional plate screws is the 
potential to be angulated with respect to the longitudinal 
and transverse axis of the plate

Lp

Le

Fig. 29.12 Load transfer in locked screw head plating. 
When the locking screw is tightened, the thread of the 
screw head engages in the conical threaded hole of the 
plate providing a stable construct between the plate and 

the screw. The external load is not transferred by a friction 
force at the interface but by interlocking. This in turn 
results in a bending moment at the screw-head-screw- 
shaft junction
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the material where the elongation at rupture can 
be defined. The term strength defines the limit of 
stress that a material can withstand without rup-
ture; it determines the level of load up to which 
the implant remains intact (Fig. 29.15).

Regularly, all implants are repetitively loaded 
well below the ultimate strength of the material. 
Thus, much more important than the ultimate 
strength of the material is the fatigue behaviour 
of the implants. The relationship between stress 
magnitude and number of loading cycles is 
described by Wöhler’s curve (Fig. 29.16).

Beside the pure mechanical characteristics 
of implants its surface structure is important in 
respect to tissue adherence which may prevent 
formation of a fluid-filled dead space surround-
ing the implant promoting growth of bacteria [95, 
97–99].

 Mechanics of Osteosynthesis Using 
Plates or Internal Fixators

 Loading of the screw
In conventional plating technique the screw is 
regularly loaded under tension. The pullout force 
depends on bone quality, cortical thickness and 
outer diameter of the screw. Neither the depth 
nor the pitch of the thread has an important influ-
ence on the holding power of a screw. Pullout of 
a screw is characterized by the avulsion of a bony 

Fp
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Fig. 29.13 Screw fixation in osteoporotic bone. In osteo-
porotic bone the holding power of conventional screws is 
weak leading to only small friction at the interface with 
later risk of secondary displacement and screw pullout. To 

enhance the holding power of the screws, two paired 
screws should be angulated and the intramedullary cavity 
in between filled off with bone cement

Fig. 29.14 Schuhli nut. The schuhli nut is some sort of a 
threaded washer, which is positioned underneath 
conventional DC-plate. By tightening of the screw the nut 
is pulled towards the plate creating an angular stable 
system with enhanced holding
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cylinder around the screw due to shear forces at 
the interface bone implant (Fig. 29.17a, b).

Locking head screws need no contact between 
plate and bone for load transfer. Using this tech-
nique the screw is mainly loaded in bending 
(a). Thus, with an increasing distance between 
the bone surface and the plate underface (b) the 
bending moment as well as the screw loading 
increase (Fig. 29.18a, b).

The holding power of unicortical screws can 
be critical in bone segments loaded mainly under 
torque (e.g., humeral shaft). With a thick bone 
cortex (a) the tendency for rational displacement 
of the fragments is low, whereas a thin cortical 
thickness (b) increases the risk for rotational dis-
placement. This phenomenon is explained by the 
different working length of a thick (c) and a thin 
(d) cortex. In case of a thin bone cortex or when 
plating bone segments loaded mainly in torque 
the use of bicortical screw is recommended 

Elastic limit

Proportional limit

Ultimate
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Ductility
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Fig. 29.15 Stress–strain diagram. The diagram describes 
the behaviour of a material under tensile load. Stress and 
strain are proportional up the proportional limit. The 
elastic modulus of the material is the constant of 
proportionality. Up to the elastic limit, a short part of 
further elastic, but disproportional deformation of the 
material is observed. With further loading plastic and 

irreversible deformation occurs. The yield point is 
characterized by a creeping of the material, i.e., elongation 
without an increase of the stress. The ultimate strength is 
defined as the highest stress tolerated by the material 
without failure (calculated for the initial cross-section). 
Failure occurs after further plastic deformation; at that 
point the elongation at rupture can be determined

Fig. 29.16 Fatigue strength of materials. The fatigue 
behaviour of an implant is much more important in 
internal fixation than the ultimate strength. During 
functional rehabilitation until the bone has healed cyclic 
loading of the implant occurs with the risk of fatigue 
failure of the implant. The higher the stress the less 
loading cycles are tolerated by a given implant. The 
fatigue strength is defined as the asymptotic line of the 
so-called Wöhler curves (stress-loading cycle diagram). 
For high stresses a steel plate withstands more loading 
cycles than a titanium plate. For low stresses the resistance 
of titanium against fatigue failure is higher
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to increase the working length of the screws 
(Fig. 29.19a-e).

 Effect of Plate Length on Screw 
Loading
In plate osteosynthesis the length of the plate 
and the position of the plate screws play an 
important role with respect to plate and screw 
loading conditions. The longer the splint is, the 
less pull- out force is created on the screws due 
to improvement of the working leverage of the 
screws (Fig. 29.20a-d). Thus, when using a plate 
as a splint the use of a very long plate is important 

from the mechanical point of view [26, 100, 101]. 
With the newer subcutaneous and submuscular 
plating techniques the surgical dissection to insert 
long plates is not increased, thus the mechani-
cal advantage of the use of longer plates has no 
biological disadvantage [11, 15, 18, 21, 26, 30, 
32, 102]. Using an internal fixator with locked 
screw heads, the screw loading is mainly in bend-
ing and not in pullout. With an external bending 
moment all the screws are loaded at the same time 
and thus, failure is less frequent (Fig. 29.21a, b). 
Nevertheless, the working leverage of an internal 
fixator should also be kept long and spacious.

a b

Fig. 29.17 (a) Pullout of a screw. Under tension the 
interface between bone and outer screw diameter is loaded 
in shear. (b) Thus, the pullout force is proportional to the 

bone quality, the thickness of the bone cortex and outer 
circumference of the screw
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 Effect of Screw Position on Plate 
Loading
Bridging a longer bone segment in the middle 
of the plate over the fracture area reduces the 
implant strain due to bending. Bending a plate 
over a short segment enhances the local strain 
inside the implant. Bending over a longer seg-
ment reduces the local strain that results in a 
protection effect against fatigue failure of the 
implant. But, this beneficial effect only holds 
true under the condition that there is a distance 
limitation at the opposite cortex due to interfer-
ence with bone fragments. When this is not the 
case the plate deforms according to the externally 
applied bending moment and the plate loading is 
not influenced by the gap width (Fig. 29.22a-e). 
Thus, in compression plating with the load shar-
ing condition of plate and bone the inner plate 
screws can be inserted as close as possible to 
the fracture, the peripheral screws are inserted at 
each plate end. With locked screw head plating 
and the mechanical condition of splinting, a lon-
ger distance between the two screws adjacent to 
the fracture is needed to obtain a longer distance 
and a lower elastic plate deformation [28, 101, 
103, 104].

When the stress of the plate due to external 
loads is small, more loading cycles are tolerated 
without fatigue failure of the implant. The fatigue 

strength of the implant is more important than the 
pure ultimate strength and the stress at rupture of 
the implant [94].

 Effect of Plate Position on Rigidity 
of Fixation
The concept of load sharing is important for 
the loading condition and endurance of a plate. 
When bony contact between the main fragments 
is achieved after fracture reduction, even bro-
ken bone is able to withstand compressive loads 
leading to partial unloading of the plate. In the 
composite mechanical system of plate osteo-
synthesis the plate is firmly connected to bone 
either by a friction force at the interface or by 
locked plate screws. Composite structures, such 
as a composite bone-metal beam, show a dif-
ferent mechanical behaviour compared to indi-
vidual beams. The rigidity of such a system is 
much greater than the sum of the rigidity of the 
individual beams. The composite structure bends 
in a new common neutral axis lying in between 
the neutral axes of the two individual beams 
(Fig. 29.23a, b). In case of different modules 
of elasticity and different cross-sections of the 
beams, the new neutral axis is found where the 
products formed by the axial stiffness and the 
distance to the new neutral axis of each beam is 
equalized [93, 105, 106]:

a b

Fig. 29.18 (a) Loading of a locking head screw. The locked screw is mainly loaded in bending. (b) The higher the 
distance between plate and bone the higher is the bending moment and thus, the screw loading
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E Elastic modulus
A Area of the cross-section
h Distance between the two area centres of 

gravity
z Shift of the neutral axis of the bone
h-z Shift of the neutral axis of the plate

The composite beam theory determines the 
mechanical behaviour of two beams under pure 
bending or eccentric axial load. The axial rigidity 
of a beam is the product of its modulus of elas-
ticity and the cross-section (EA). The bending 
rigidity of a beam is the product of its modulus 
of elasticity and the area moment of inertia with 
respect to the specific bending direction (EI). The 

Fig. 29.19 Unicortical versus bicortical screw. The use 
of unicortical screws should be limited to bone segments 
loaded in bending or in axial load. Bones mainly loaded in 
torque create high stresses at the interface between screw 
and bone with a tendency for rotational displacement (a, 
b). Unicortical screws have a relatively short working 

length which is even reduced in osteoporotic bone having 
a thin bone cortex (c, d). Thus, to increase the working 
length of the screw bicortical screw insertion is recom-
mended in bones loaded in torque or with osteoporotic 
thin bone cortices (e)

a b

c d
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stiffness of a composite beam can be calculated 
using the following formula:

 

EI EI EI EA z

EA h z

composite bone plate bone

plate
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+ ( ) ( )

2

2
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According to the Steiner’s principle, the increase 
in the bending stiffness of the composite beam 
with respect to the bending stiffness of the indi-
vidual unconnected beams is mainly caused 
by the shift of the neutral axis with dramatic 
enhancement of the area moment of inertia of 
both, the bone and the implant [93, 96].

A plate has a different bending rigidity 
according to the individual bending direction 
(Fig. 29.24). Thus, plate position and bending 
direction influence the overall stiffness of a plate 
osteosynthesis. Fig. 29.25 shows the bending 
rigidity of an intact tubular bone (taken as 100 %), 
steel and titanium plates and osteosynthesis using 
steel or titanium plates under different bending 
direction [106]. It is remarkable that the stiffness 
of the plate itself is relatively small compared to 
the bending stiffness of the bone alone. Using 
either steel or titanium plate, the  differences in 

the modulus of elasticity of the plates are unim-
portant with regard to the changes in the overall 
rigidity due to different bending directions. It is 
evident that a rigid composite system leads to 
unloading of the plated bone segment with the 
unloading being highest in the cortex directly 
underneath the implant [107].

The shift of the common neutral axis in bend-
ing can even be more important in wave plate 
osteosynthesis where the bending stiffness is 
higher than in conventional plating technique 
when the cortex opposite the wave plate is in tight 
contact and loaded in compression. Biologically, 
the wave plate osteosynthesis is advantageous 
in case of disturbed vascularity of the bone cor-
tex underneath the plate to allow revasculariza-
tion of the bone despite a bone plate in situ [19, 
108–110].

 Effect of Plate Position and Plate 
Contouring on Plate Loading
The position of a plate influences the amount of 
plate loading. This is essential when plating is 
performed in a diaphysis, which is eccentrically 
loaded such as in the femur. Each eccentric axial 
load on a beam results in a bending moment of 
the beam with tensile stress on the one and com-
pressive stress on the other side. For anatomic 
and mechanical reasons, in the femur the plate is 
positioned regularly on the lateral side. In case of 
contact between the main fracture fragments the 
bone is loaded in compression and the plate in 
tension. In such a load-sharing situation the load 
on the plate is low and mainly in tension which 
is well tolerated by the implant (Fig. 29.26). In 
case of a comminution without bony contact 
between the main fragments the laterally posi-
tioned plate is the only load carrier and under-
goes high tensile and compressive stress due to 
pure bending (load-bearing situation). Only the 
rapid formation of callus with integration of the 
bony fragments opposite to the plate (biobuttress) 
protects the implant from mechanical overload 
and fatigue failure. Theoretically, in such a case 
the loading of the plate can be decreased when 
positioning the plate on the medial aspect of the 
femoral diaphysis. In this position the plate is 
close to the weight bearing axis of the leg and 

e

Fig. 29.19 (continued)
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Fig. 29.20 Effect of plate length on screw loading. 
Bending moment acting on a plate osteosynthesis tends 
to pullout the plate screws. With a short plate the screw 
loading is relatively high due to a short working lever arm 
of the screws (a, b) for both directions of bending moment 

(force acting towards the plate or away from the plate). 
The use of a long plate increases the working lever arm 
of each screw. Thus, under a given bending moment the 
pullout force of the screws is decreased (c, d)

a

b
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therefore, the load on the implant is mainly axial 
(compressive) and less bending (Fig. 29.27). But, 
clinically the medial approach to the femur and a 
medial plating technique is used only when the 
fracture is associated to a vascular injury need-
ing repair. In osteosynthesis using a wave plate 
load sharing between implant and bone is even 
more important than with a regular straight plate. 
When there is no osseous contact between the 
main fragments only the lever arm of the exter-
nally applied axial load is increased creating even 
a higher bending moment of the plate than with 
the use of straight plate. In case of at least partial 

osseous contact, in addition the lever arm of the 
wave plate is increased which leads to a reduction 
of the implant loading (Fig. 29.28).

 Clinical Aspects of Plate Fixation

 Plate Functions

In clinical practice, plates can be used with differ-
ent mechanical functions. But, often a combina-
tion of different mechanical functions is possible 
in plate osteosynthesis. Plate functions include:

c

d

Fig. 29.20 (continued)
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• Plate as an internal splint
• This is the main function of each plate. It is 

each time present when a plate is used for 
internal fixation of a fracture. The efficacy of 
the splint function depends on the mechani-
cal properties of the splint and the quality of 
anchorage of the splint to the bone.

• Bridge plate
• The plate spans a comminuted fracture area 

and provides elastic fixation with the mechan-
ical function of a pure splint.

• Tension band plate

• The plate is applied on the tension side of the 
bone (e.g., lateral side of the femoral shaft) 
and must be prestressed in tension in order 
to create a reversed bending moment which 
neutralizes the bending moment due to physi-
ological loading. The bone is loaded in static 
and/or dynamic compression. Thus, load shar-
ing between the plate and the bone is present.

• Compression plate
• Compression can be exerted by the use of the 

eccentric screw holes, the tension device, or 
by overbending of the plate.

a

b

Fig. 29.21 Screw loading in locked head screws. 
Bending moment acting on an internal fixator with locked 
plate screws leads to simultaneous bending of all the 
screws and not to an isolated pullout force on each 

individual screw (a). Thus, resistance against screw fail-
ure is improved. This holds true also in case of the use of 
monocortical selfdrilling screws (b)
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Fig. 29.22 Effect of screw position on plate loading. A 
small gap after internal fixation using a plate leads to a 
stress concentration of the implant at the gap site when the 
plate screws are inserted closely to the gap (a, b). When a 
larger gap is present after osteosynthesis the external load 
results in a stress distribution over a longer segment of the 
plate with concomitant decrease of the plate loading. This 

beneficial effect only holds true under the condition that 
there is a distance limitation at the opposite cortex due to 
interference with bone fragments (c, d). When there is no 
distance limitation the plate deforms according to the 
external loading and deformation is not influenced by the 
width of the gap (e)

a

b

c
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d

e

Fig. 29.22 (continued)

• Neutralization or protection plate
• In case of a lag screw fixation of a simple 

fracture, the additional neutralization of the 
fracture area by means of a protection plate 
is recommended. The technique of lag screw 
fixation and compression osteosynthesis is 
more and more abandoned due to its inherent 
risk for surgically induced vascular damage to 
bone and soft tissues.

• Buttress plate
• The plate supports a piece of bone mainly in 

the meta- or epiphyseal area.
• Antiglide plate
• The plate is positioned in a way to push a 

fragment into its anatomical position and to 
inhibit secondary displacement by a direct 
interference with a meta- or diaphyseal bone 
fragment.
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 Reduction Technique

The technique of direct reduction of a fracture by 
visualization of the fragments is an invasive and 
devitalizing way to achieve “anatomical” reduc-
tion of a fracture. In diaphyseal fractures today’s 
reduction technique is indirect with a minimal 
exposure of the fracture and the fragments [46].

Any relatively straight portion of any bone 
may be reduced by the application of a straight 
plate. The plate application precedes reduction; 
it acts as a splint to restore alignment. Distraction 
of the fracture increases the tension in the soft 
tissues. This tends to recentralize the fragments, 
causing them to approximate their previous loca-
tion in the fractured bone [23]. The disadvantage 
of this technique is the potential for incorrect 
reduction when the plate used for reduction onto 
the implant was initially not shaped accurately 
to the bone surface (Fig. 29.29a-d). Another 

mechanism is the reduction through interfer-
ence along the external surfaces of bone and 
plate. This principle can be demonstrated dur-
ing reduction and fixation of a malleolar fracture 
using the antiglide function of the plate [111]. 
In case of an oblique fracture, the application 
of the plate to the proximal fragment results in 
interference with the distal fragment. As the 
plate pushes against the displaced distal frag-
ment, it forces the reduction along the oblique 
fracture surfaces. When using the locked screw 
head system no reduction of bone fragments 
onto the implant is possible. The fracture needs 
to be reduced properly before the internal fixator 
is inserted to maintain the achieved reduction. In 
such a procedure, it is advantageous that fracture 
fragments do not tend to redisplace during screw 
tightening because the screws engage inside the 
threaded plate hole without pulling the fragment 
towards the plate.
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Fig. 29.23 Shift of the 
neutral axis of a composite 
beam. The tight connection of 
two beams (plate and bone) 
results in a shift of the neutral 
axis of the composite 
structure. Using a plate with 
an elastic modulus of bone 
leads only to a small shift (a). 
A steel plate with high elastic 
modulus increases the shift of 
the new common neutral axis. 
This shift enhances the area 
moment of inertia – and with 
that also the stiffness - of both 
the plate and the bone (b)
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Fig. 29.24 Bending stiffness of plate under different 
bending direction. The bending stiffness of a plate 
depends on the direction of the bending moment. 
Bending towards the highest dimension or bending 
towards the smallest dimension makes about a factor 8 
difference in bending stiffness of the plate

Fig. 29.25 Bending stiffness of plate osteosynthesis. 
The bending stiffness of a plate osteosynthesis depends 
mainly on the position of the plate with regard to the 
bending direction. When the bone can withstand 
compressive loads the highest stiffness of the composite 

beam is reached when the implant is positioned on the 
tension side. The elastic modulus of the plate is 
unimportant when comparing steel and titanium plates 
(elastic modulus of steel 190 GPa, of titanium 110 GPa)
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Fig. 29.26 Load sharing situation after femoral plating. 
In plate osteosynthesis the plate loading due to an 
eccentric axial load is comparably small when the main 
fracture fragments are in contact and the bone able to 
withstand compressive loading (tension band plating)

Fig. 29.27 Load bearing situation after femoral plating. 
In a comminuted fracture pattern the plate is the only load 
carrier of the osteosynthesis. Due to the distance between 
the plate and the weight-bearing axis a high bending 
moment is present resulting in high bending stress of the 
plate. In such a situation the plate loading can be 
substantially decreased, when the plate is positioned as 
closely to the weight-bearing axis as possible. This 
decreases the eccentricity of the axial load and the plate is 
mainly loaded in compression

 Fixation Technique

Today fixation technique uses principles to be 
minimal, but optimal. That means longer splints 
acting with optimal lever arms for the screws 
are preferable [14, 16, 26]. The main fragments 
are held in place using balanced fixation on both 
sides of the fracture. In case of a simple frac-
ture, the use of interfragmentary compression is 
still safe from the mechanical point of view. A 
small fracture gap in a simple fracture configura-
tion combined with elastic fixation leads to high 

interfragmentary tissue strain, which sometimes 
can inhibit fracture consolidation. In such short 
fractures, repetitive bending stresses will be con-
centrated and centred on a short segment of the 
plate, which thereby can break more easily due 
to fatigue. The risk of mechanical implant failure 
can be considerably reduced if longer plates are 
used despite a short fracture zone, so that stresses 
are distributed over a longer section of the plate.

In multifragmentary fractures a bridge plate 
technique is advantageous. The implant spans 
over a longer bone segment decreasing the 
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strain of the granulation tissue, which is going 
to be formed between the fracture fragments 
allowing its safe differentiation into bone tis-
sue. Additionally, the plate itself undergoes low 
deformation during functional aftercare as bend-
ing stresses are distributed over a long segment of 
the plate with reduced risk of plate failure - this 
all under the condition that overall deformation 
of the implant is limited by bony fragments.

 Conclusions and Outlook

Within the last three decades new thinking of 
operative fracture treatment using plates has 
been established. Using plates for internal fixa-
tion the advantages of operative and conservative 
treatment have to be combined: proper alignment 
of the injured bone segment and sufficient stabil-
ity of fixation allowing functional aftercare and 
an undisturbed natural course of bone healing. 
Thus, in shaft fractures, the exact reduction of 
each bone fragment is no longer a goal in itself. 
Rather, the overall restoration of length, axial 
alignment, and rotation are the goals.

Plate osteosynthesis keeps its important and 
well-established place in the treatment of certain 
fractures. Classical indications for an osteosyn-
thesis using plates or internal fixators are articu-
lar fractures, metaphyseal fractures, and some 
diaphyseal fractures, such as forearm fractures, 
diaphyseal fractures with associated articular 
fractures, diaphyseal fractures in polyfractured 
or polytraumatized patients, narrow medullary 
canal not suitable for intramedullary rodding, and 
some diaphyseal fractures in children.

The understanding of bone biology caused not 
only a change in the surgical tactic when perform-
ing internal fixation, but it stimulated research to 
modify and improve the existent implants aim-
ing to reduce vascular damage to the bone tis-
sue caused by the implant. Internal fixators with 
locked plate screws mechanically used as pure 
splints and inserted in a minimally invasive sub-
cutaneous or submuscular way replace more and 
more the older conventional plating concepts. 
The new technique minimizes the surgical devas-
cularization and the implant- inherent vascular 
insult to the bone tissue. Preserving the viability 
of all fracture fragments by protecting the soft 
tissue envelope is more important than the pri-
mary stability of an osteosynthesis. Healing by 
means of callus formation is potentially faster 
than the one based on inherently slow cortical 
remodeling. The good healing capacity of via-
ble fragments results in stable conditions after 
a short time period protecting the implant from 
fatigue failure. The surgeon’s task is to make the 

Fig. 29.28 Stiffness of a wave plate osteosynthesis. With 
at least unicortical contact between the main fracture 
fragments a wave plate osteosynthesis is a very stiff 
composite construct. In a comminuted fracture the wave 
plate is critical from the mechanical point of view, because 
the distance between the plate cross-section under load 
and the external axial load is increased. This enhances the 
bending moment and the plate loading
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Fig. 29.29 Reduction in 
plate osteosynthesis. In 
conventional plating the plate 
should be contoured exactly 
to the shape of the surface of 
the bone. After having fixed 
the plate to the one main 
fragment, the other fragment 
can be pulled towards the 
plate by inserting screws 
leading to proper reduction 
and fixation (a). When the 
plate is not properly 
contoured, reduction on the 
plate results in an axial 
malalignment (b, c). Using 
an internal fixator with 
locked screw heads no risk 
for loss of reduction exists 
during screw tightening, 
because the screws engage 
inside the threaded plate  
hole before pulling the  
bone fragment towards the 
plate (d)

a

b
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c

d

Fig. 29.29 (continued)
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sound synthesis between mechanical demands 
of the fracture and biological competence of the 
involved tissues.
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      Malignant Bone Tumors: 
From Ewing’s Sarcoma 
to Osteosarcoma                     

     Dominique     G.     Poitout       and     J.     Favre   

         Introduction 

 Primitive malignant bone tumors are rare as 
they represent less than  1 % of all cancers . 
Osteosarcoma and Ewing’s sarcoma occur the 
most frequently. They affect, in particular, older 
children, adolescents, and young adults. For 
many years these tumors could be controlled 
locally (often involving an amputation) by 
radical surgery accompanied or not by radio-
therapy, depending on the histological type. 
Unfortunately, most of the patients died within 2 
years from secondary lesions in the lung. 

 Only recently has it been possible to improve 
the survival rate. Indeed, the prognosis of these 
tumors, until then complicated by the occur-
rence of pulmonary metastases in almost 90 % of 
cases, has been revolutionized by the advent of 
“heavy” chemotherapies, capable of eradicating 

 infraclinical metastases. At the same time, the 
progress made in surgical techniques has enabled 
the number of limbs saved to be increased and 
therefore an improvement in the future of these 
young patients in terms of function. First of all 
we should stress the importance of close mul-
tidisciplinary collaboration, from diagnosis 
to post-therapeutic monitoring through all the 
stages of treatment, a collaboration upon which 
the prognosis of the survival of the patient for 
whom we are responsible depends.  

    Epidemiology 

    Frequency 

 There are approximately 100 new cases of osteo-
sarcoma per year in France. The incidence of 
Ewing’s sarcoma is estimated at two to three new 
cases per year and per million children under 
15 years of age in the USA and in the United 
Kingdom. There is a slight preponderance of 
males suffering from these two tumors with a 
gender ratio of approximately 1:5. Osteosarcoma 
can occur at any age but is found mainly in young 
people with an average age of 17 years. 

 Ewing’s sarcoma most often occurs during the 
second decade of life with an average age of 11. It 
is exceptional before 5 years of age and after 30. 
Finally, it should be noted that Ewing’s sarcoma 
is very rare in people of black African descent.  
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    Risk Factors 

 There is often a history of trauma in the weeks 
preceding the discovery of the tumor, but whether 
this factor is responsible is still being discussed 
and it could be no more than a factor which 
makes clinical discovery more likely. Both types 
of tumor seem to occur more frequently in tall 
patients. This, no doubt, is related to the hormone 
changes of rapid growth.  

    Osteosarcoma 

 In the child, osteosarcoma may be accompanied 
by familial retinoblastoma in 4 % of cases. Then 
the same cytogenetic anomalies are found for 
bone tumors as for the retinal tumors. One per-
cent of Paget’s disease of the bone can degenerate 
into osteosarcoma. A radiation-induced etiology 
is also possible for this disease (osteosarcomas 
have been described in particular after anti- 
infl ammatory radiotherapy for aneurysmal bone 
cysts). In these two latter cases, adults beyond the 
quarantine period are most often involved. 

 Tumors of the ethmoid in people exposed to 
wood dust are classical, with the most frequent 
histology being adenocarcinomas, of course, but 
osteosarcomas can also be present.  

    Ewing’s Sarcoma 

 Few specifi c risk factors have been described 
for Ewing’s sarcomas. They may occur on pre- 
existing benign bone lesions.   

    Pathological Anatomy 

    Varieties 

    Osteosarcomas 
 Osteosarcomas start in the center of the medulla, 
most frequently in the metaphysis of the long 
bones. The lower extremity of the femur, and the 
upper extremity of the tibia or of the humerus 
are the most frequent sites (80 % of cases). At a 

microscopic level, these tumors are characterized 
by osteoid production. Osteoblastic and chondro-
blastic varieties (characterized by the presence 
of chondroid tissue) have been described. Due to 
cell differentiation and the quality of the stroma, 
distinctions can be drawn between the fi brous 
osteosarcomas (with an abundance of collagen), 
telangectasic osteosarcomas (considerable vas-
cularization), and anaplastic osteosarcomas (very 
non- differentiated). These last two varieties have 
the worst prognosis. Parosteal sarcoma, a highly 
ossifying variety of osteosarcoma, has a better 
prognosis. 

 Anatomical pathological examination can also 
pinpoint the fusiform or small cell nature of the 
tumor (the latter have a poorer prognosis). Some 
authors also suggest a cytological scale of 1–4 in 
order of increasing malignancy. Indeed, the intro-
duction of intensive chemotherapy has removed 
the role of these prognostic factors. The histo-
logical variety of the tumor no longer affects the 
course of the disease.  

    Ewing’s Sarcoma 
 Unlike osteosarcoma, in more than half of cases, 
Ewing’s sarcoma develops in the axial skeleton 
starting from the pelvic girdle. This fact was fi rst 
described by J. Ewing in 1921 as a bone tumor 
with small round cells, distinct from osteosar-
coma. The origin of the tumor has long been 
discussed. An endothelial, neural, mesenchyma-
tous starting point has been suggested. It would 
currently appear, owing to the immunohisto-
chemical and cytogenetic data, that it is one of 
the tumors deriving from the neurectodermis, of 
which it would be the least differentiated form, 
and of which the neuroepithelioma would be the 
differentiated form. 

 From an anatomical pathological point of 
view, it is a monomorphous proliferation of small 
round cells with fi ne chromatin, positive PAS, 
with a fi ne network of intercellular reticulin. 
Immunohistochemistry and, in particular, cyto-
genetics make it possible to differentiate Ewing’s 
sarcoma from other small round cell tumors in 
the child and in the adolescent. In more than 80 % 
of cases of Ewing’s sarcoma, there is specifi c 
translocation (11, 22 q24; q12). In the absence 
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of  specifi c translocation, chromosome 22 derives 
from translocation in 9 % of cases.   

    Spread 

    Osteosarcomas 
 It is customary to say that “osteosarcoma is 
a lung disease starting in the bone”. This brief 
description straight away emphasizes the early 
and extreme frequency of the pulmonary micro-
metastases which do, of course, determine the 
prognosis in terms of survival. Locally, the tumor 
develops centrifugally, invading and destroying 
the normal bone up to the cortex and to the adja-
cent soft tissue. There is often a pseudo-capsule 
which really consists of infl ammatory tissue 
at the interface between the tumor and normal 
tissue. 

 The very frequent presence of satellite tumoral 
nodules situated on the same bone as the main 
tumor but not continuous with it has also been 
described. These are, in fact, “local metastases” 
which have developed from tumoral emboli via 
the medullary sinuses. These have to be taken into 
account when determining the extent of the surgi-
cal excision. Ganglionic involvement is unusual 
for this histological type since it only appears 
in less than 10 % of cases in autopsy series. 
On the other hand, hematogenic metastases are 
extremely frequent and develop at an early stage. 
They occur predominantly in the lungs, and it is 
estimated that approximately three- quarters of 
patients have microscopic pulmonary metastases 
at the time of diagnosis. 

 The second site for metastases in order of fre-
quency is the bone but it is rare that bone metas-
tases are present if earlier pulmonary lesions are 
absent. Other types of metastases only occur very 
exceptionally.  

    Ewing’s Sarcoma 
 The local development of Ewing’s sarcoma is 
slightly different. There is often complete inva-
sion of the medullary cavity of the bone con-
cerned as well as involvement of the cortex and 
of the soft tissue. Ganglionic metastases seem to 
be a little more frequent than for osteosarcomas, 

but here, too, it is the hematogenous metastases 
which tend to occur with a frequency of 15–40 % 
at the time of diagnosis. Pulmonary secondaries 
still arrive there fi rst, followed by bone metasta-
ses and invasion of the medulla.    

    Diagnosis 

    Circumstances in Which It Is 
Discovered 

 Pain is often the fi rst symptom; it may be intense 
and accompanied by serious functional infi rmity 
or, on the other hand, not intense and only felt if 
pressure is applied. Sometimes there is a noctur-
nal recrudescence. This pain, caused by intraos-
seous hypertension, is considerable in the forms 
which start centrally. It may also be accompanied 
by limping in lesions of the leg. 

 Its site varies depending on the type of tumor:

   In the case of osteosarcoma, it is most frequently 
found in the metaphysis of the long bones, 
“close to the knee and far from the elbow”. 
Lower extremity of the femur (50 %), upper 
extremity of the tibia (15 %), upper extremity 
of the humerus (15 %).  

  Ewing’s sarcoma tends to develop in the axial 
skeleton and in shoulder and pelvic girdles. 
Involvement of the fl at bones, although excep-
tional for osteosarcomas, is very common in 
Ewing’s sarcoma.  

  The tumor can also be palpated. A careful exami-
nation shows that it is one with the bone, with 
the neighboring joints rarely being affected. 
It varies in consistency, being hard, fi rm, or 
sometimes softer. The tumor may be pulsat-
ing. Classically there may be crepitus on pres-
sure but this sign is, in fact, rare. The tumor 
increases rapidly in size, deforming the bone 
concerned; the skin has a smooth and stretched 
appearance, with dilated veins.    

 The disease may also be manifested by a 
pseudo-infectious syndrome. Indeed, hemor-
rhaging and intra-tumoral necrosis may make the 
tumor fl uctuant, with an increase in temperature 
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locally and cutaneous erythema, mimicking an 
abscess. 

 The diagnosis may also be made in the pres-
ence of a spontaneous fracture or secondary to 
minimal trauma. 

 When the tumor is large, the mass can lead 
to vascular, nervous, and medullary compression 
of a hollow organ; this rarely reveals the disease 
except for pelvic or vertebral lesions. 

 Finally, the diagnosis may be made when 
prevalent, mainly pulmonary, metastases appear 
or even when the patient’s general condition 
deteriorates and may be accompanied by fever.   

    The Components Involved 
in the Diagnosis 

    History-Taking and Clinical 
Examination 

 The person taking the history will look for any 
risk factors, and the existence of functional or 
general signs and their development over time. 
The examination will establish the extent of the 
lesion, its clinical appearance and the presence 
of complications. Ganglionic metastases are 
rare and secondary visceral lesions are usually 
asymptomatic.  

    Biology 

 There are no specifi c markers of these tumors. 
At most there may be an infl ammatory syndrome 
without any specifi c features. Ewing’s syndrome 
may be accompanied by an increase in the LDHs.  

    Radiological Examinations 

 X-rays without preparation classically show dif-
ferent images according to the histological type 
but only an anatomical–pathological study will 
provide diagnostic proof. The osteosarcomas may 
be non-ossifying. The X-ray picture then displays 
non-homogeneous lysis and is poorly defi ned. 
On the surface, there is sub-periosteal osteophy-
tosis forming spicules and it is responsible for a 

“sun ray” appearance. Ossifying osteosarcomas 
give the same radiological signs, accompanied by 
intra-tumoral opacities which are sometimes very 
dense. These ossifi cation images may also exist 
in extraosseous tumoral zones when the soft tis-
sues are invaded. 

 The radiological signs of Ewing’s sarcoma, 
such as simple gumming of the bone framework, 
are sometimes very diffi cult to see. The typical 
appearance is that of osteolysis bordered by a 
considerable periosteal reaction, resulting in the 
so-called “onion-skin appearance”. 

 Specifi c incidences may be useful for sites 
such as the sacrum and the vertebrae. 

 Whatever type of tumor is involved, bone 
scintigraphy using Technetium 99 will reveal 
intense hyperfi xation. 

 Computerized tomography has to be carried 
out, adhering to certain quality criteria and dual 
window examination to allow a detailed exami-
nation of the bone and soft tissue, before and 
after injection of the contrast medium. The lesion 
is irregular, poorly defi ned, invading the adjacent 
soft tissue with  often  heterogeneous uptake of the 
contrast medium. 

 MRI, used in addition to the scanner and allow-
ing a tri-dimensional study of the tumor, seems to 
be more successful in evaluating whether it has 
spread to the soft tissue and to the bone medulla, 
and establishes its relationship with the vasculo-
nervous bundles. 

 Angiography reveals anarchical vasculariza-
tion of the tumoral mass. It is particularly useful 
for establishing the lesion’s relationship to the 
large vessels and for guiding the surgeon in his 
maneuvers.  

    Pathological Anatomy 

 Only an anatomical–pathological examination 
will make it possible to make a formal diagnosis. 
Therefore, a biopsy has to be performed as a mat-
ter of surgical urgency but it does involve some risk 
of hematogenic dissemination and local release of 
growth factors. It involves a real surgical operation 
and therefore has to be performed by a qualifi ed 
surgeon who is a member of the multidisciplinary 
team which will be taking care of the patient. 
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This procedure has to performed under general 
 anesthetic, with a tourniquet at the base of the limb 
and before any treatment. The technique has to be 
performed correctly, with surgical opening of the 
tumor to enable removal accompanied by rigorous 
hemostasis and careful suturing. Needle or trocar 
biopsies are only indicated for sites which are dif-
fi cult to access such as the vertebral bodies. The 
surgical approach and course of the drains will 
ultimately have to be removed with the tumor in 
order to limit the risk of a local relapse.  

    Differential Diagnosis 

 There is more than one infection-related prob-
lem which may be particularly reminiscent of 
Ewing’s sarcomas, all the other benign bone 
tumors will also have to be eliminated (osteoma, 
chondroma, fi broma, angioma, giant-cell tumor, 
solitary or aneurysmal cyst. But it is, in particu-
lar, the other malignant bone tumors which can 
sometimes pose a problem in differential diag-
nosis: chondrosarcoma (the prognosis of which 
is poor because at present there is no treatment 
apart from radical surgical excision), Parker 
and Jackson’s lymphoma (which really belong 
to the group of non-Hodgkin’s malignant lym-
phoma and therefore must be treated as such), 
fi brosarcoma and angiosarcoma (forming part 
of the group of sarcoma of the soft tissue), and 
adamantinoma of the long bones (a variety of 
tumor which does not metastasize much but has a 
marked tendency to recur locally). 

 Although the various X-ray examinations 
may point in the right direction, only a biopsy 
together with a cytogenetic study allows a reli-
able diagnosis to be made and therefore to guide 
the treatment.   

    Pre-therapeutic Inventory 

    Inventory 

    Loco-Regional 
 Clinical examination only allows a rough evalu-
ation of the tumor. Standard X-rays underes-
timate the extent of the lesion, not only in the 

bone but also its spread to the soft tissue. Bone 
scintigraphy is sometimes more precise; it also 
reveals any satellite tumoral nodules. However, 
computerized tomography and magnetic reso-
nance imaging in particular clarify the extent of 
the tumor. Both inside and outside the bone these 
two examinations are useful because they often 
provide additional information. The aim of other 
investigations, and in particular angiography, is 
to provide us with information on the vascular-
ization of the lesion and on how it relates to the 
main vessels, therefore enabling the surgeon to 
select the most suitable operating technique.  

    Metastatic Spread 
 There is no point in systematically searching 
for ganglionic metastases because they rarely 
occur. On the other hand, secondary pulmo-
nary and bone lesions must be searched for. The 
standard chest X-ray is insuffi cient, and a CT 
scan therefore has to be performed in order to 
diagnose small lesions. Bone scintigraphy with 
Technetium allows any bone metastases to be 
found. For Ewing’s sarcomas, myelograms are 
carried out systematically to look for any medul-
lary invasion. Other visceral lesions only occur 
in exceptional cases and therefore do not require 
systematic paraclinical examination.   

    Classifi cation 

 The TNM classifi cation is not suitable for primi-
tive malignant bone tumors. At present there is 
no satisfactory prognostic classifi cation which 
can be used routinely. However, it is possible to 
defi ne a number of prognostic factors:

   the size of the tumor linked to the prognosis, with 
a worse prognosis for tumors 10 cm in diam-
eter or larger.  

  Soft-tissue involvement would also have a worse 
prognosis but this is so frequent that such a 
criterion would be of little value.  

  Osteosarcomas secondary to Paget’s disease or 
radiation-induced have a less favorable course 
than others.  

  For Ewing’s sarcomas the LDH levels would 
have a prognostic value.   
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However, the main factor determining survival 
is, of course, the response to the treatment.   

    Treatment 

    Method 

    Surgery 

   Radical Surgery 
 This is, in fact, amputation of a limb. This has to 
be performed leaving a safety margin of a few 
centimeters. Sometimes, in cases where the prox-
imal part of the limb is affected, the only possible 
procedure is the complete disarticulation of the 
limb concerned, which of course makes the func-
tional prognosis even worse. Nowadays, with 
the progress made in surgical techniques and the 
contribution made by induction chemotherapy, 
the indications for these methods are becoming 
fewer and fewer.  

   Conservative Surgery 
 This technique has been used successfully in 
40–80 % of cases depending on the series. Its 
success depends on close interdisciplinary coor-
dination and strict pre-therapeutic evaluation. 
This surgery takes place in three stages:

   resection of the tumor has to adhere strictly to the 
rules of oncological surgery in order to limit 
the risks of a relapse: excision of the whole 
of the lesion takes place in a single piece with 
a safety margin of 6–7 cm above the scano-
graphical limit of the involvement in the bone. 
This resection also includes the muscles adja-
cent to the extraosseous spread. The part oper-
ated on has to include the earlier biopsy sites 
as well as all the potentially contaminated tis-
sues. The joint and the adjacent articular cap-
sule are also resected.  

  It is then necessary to reconstruct the bone defect, 
the average length of which often reaches 
15–20 cm. Three main methods can be used:
   the implantation of a prosthesis,  
  bone “graft” from a bone bank,  
  arthrodesis.     

  The choice of technique is decided on a case-by- 
case basis by the surgeon. The operation ends 
by transposing the muscles and soft tissue. 
Indeed, adequate muscle and skin cover of the 
operating area signifi cantly reduces postop-
erative morbidity.      

    Radiotherapy 
 The indications for radiotherapy vary con-
siderably according to the histological type. 
Osteosarcomas are tumors which respond very 
little to radiotherapy. The doses needed to obtain 
an acceptable level of sterilization are greater 
than or equal to 80 Gy and are the source of major 
complications. This is why radiotherapy is only 
used in totally exceptional or palliative cases. 

 On the other hand, 80–90 % of cases of 
Ewing’s sarcoma can be cured by radiotherapy if 
a dose of 60–65 Gy can be delivered to the whole 
of the primary tumor. Lower doses (40–45 Gy) 
are adequate for sterilizing micrometastases or 
very small postoperative residual lesions. 

 A rigorous technique with anticipatory dosim-
etry is necessary in order to limit the risk of 
complications.  

    Chemotherapy 
 There is no doubt that, by enabling the disease in 
general to be treated, chemotherapy has improved 
the prognosis of these tumors. Indeed, before 
this treatment was available, the vast majority of 
these patients (80–90 %) died from metastases in 
the 2 years following satisfactory local treatment. 

 The methods are to be adapted according to 
the following histological types. 

   Osteosarcoma 
 The products used in the treatment of osteosarco-
mas are the following:

   high-dose methotrexate (MTX HD): combines 
hyperhydration with alkalination followed by 
injections of folinic acid. At standard doses, 
methotrexate is not at all effective. Very high 
doses (of the order of 8–10 g/m 2 ) are neces-
sary. These doses are potentially lethal or 
likely to lead to major and, in particular, renal 
complications. Ideally, “drugs have to be 
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 prescribed at plasma doses making it possible 
to adapt their dosages”. In all cases, very strict 
rules of hydration and alkalination have to be 
adhered to.  

  “BCD” combination (Bleomycin - Cyclophos-
phamid - Actinomycin D) – adriamycin and 
other anthracyclines.  

  Iphosphamide, in association with uromitexan 
and suffi cient hydration to limit the risk of 
hemorrhaging.  

  CDDP.     

   Ewing’s Sarcoma 
 Drugs which are effective in the treatment of 
Ewing’s sarcomas are:

   anthracyclines,  
  VAC-type combinations (vincristine, actinomy-

cin O, endoxan),  
  Bleomycin,  
  Methotrexate,  
  IVA combinations (Iphosphamide, vincristine, 

actinomycin), IVAD combinations (iphospha-
mide, vincristine, adriamycin). This type of 
protocol is nevertheless responsible for con-
siderable toxicity which limits the indications 
for it.       

    Indications 

    Osteosarcomas 
 The fi rst phase of the treatment consists of pre- 
operative chemotherapy, starting as soon as the 
result of the biopsy is obtained, and consists of 
courses of treatment with high-dose methotrex-
ate. The patient is then operated on. Whenever 
possible, conservative surgery is performed. 
Nevertheless, there are certain contra-indica-
tions to this maneuver: major neuro-muscular 
invasion, pathological fracture, poor diagnostic 
biopsy technique, local infection. 

 The subsequent chemotherapy methods are 
decided according to the response to the treat-
ment, evaluated on clinical, radiographic, and 
particularly anatomopathological criteria. When 
the response is good, the same type of treatment 
is continued. If not, the prescription is changed to 

other potentially effective drugs. Chemotherapy 
lasts approximately 9 months in all. Any delay 
in the progress of the treatment has to be avoided 
as much as possible, in particular by prescribing 
hematopoietic growth factors. 

   Special Case 
 Pulmonary metastases, whether they appear fi rst 
or particularly late, can justify an aggressive 
approach if the primary tumor is under control: 
heavy chemotherapy followed by metastasec-
tomy and resuming chemotherapy according to 
the response to the treatment. This is often neces-
sary if survival is to be prolonged. 

 Tumors which cannot be eradicated; the 
treatment combines chemotherapy with irra-
diation, the dose of which takes account of the 
adjacent critical organs (50–75 Gy according to 
the case). 

 Tumors in elderly subjects are often osteosar-
comas for which a risk factor is found (Paget’s 
disease, irradiation, professional exposure, etc.). 
The treatment, in particular chemotherapy, has to 
be adjusted according to age, the patient’s gen-
eral condition and predisposition.   

    Ewing’s Sarcoma 
 In terms of the treatment plan, the treatment 
resembles that for osteosarcoma: the local treat-
ment is incorporated into the overall strategy, 
which starts with induction chemotherapy, gen-
erally including an anthracycline and a VAC- type 
combination administered with the dual aim of 
reducing the tumoral mass and eradicating the 
micrometastases. 

 Surgery and radiotherapy are generally 
accompanied by local treatment. Indeed, surgery 
alone is often not enough to guarantee satisfac-
tory local control. On the other hand, irradiation 
alone requires doses of the order of 60–65 Gy, 
which is sometimes a source of major complica-
tions, particularly in children on account of the 
growth problems that it causes. Furthermore, the 
level of local recurrence after irradiation remains 
high (approximately 20 %) in spite of chemo-
therapy. These considerations lead to proposing 
a combination of radiotherapy and surgery in a 
number of cases. 

30 Malignant Bone Tumors: From Ewing’s Sarcoma to Osteosarcoma



382

 Local treatment is followed by a resumption 
of chemotherapy. Other chemotherapy proto-
cols based on taking cyclophosphamide orally 
together with other active drugs make it possible 
to obtain equivalent survival at the price of often 
less toxicity. The place of intensive chemother-
apy with bone marrow autografts is not clearly 
defi ned. Metastatic Ewing’s sarcomas are caused 
by systemic chemotherapy. There are fewer indi-
cations for metastasectomy than there are for the 
osteosarcomas. In cases of complete remission, 
the subsequent therapeutic strategy is the same as 
in non-metastatic patients.   

    Course and Monitoring 

    Osteosarcoma 
 Nowadays, owing to chemotherapy, the survival 
rate from osteosarcomas is approximately 50 % 
at 5 years. Most of the relapses occur within 2 
years but just as survival is being prolonged, 
there are also cases of late relapses sometimes 
after 8–10 years. 

 Metastatic tumors are  mostly fatal  even if pro-
longed remissions can sometimes be obtained. 
Monitoring therefore has to be particularly close 
in the fi rst years but also has to be prolonged. 
Apart from a careful clinical examination, it also 
has to include X-rays and a CT scan or MRI 
examination of the affected region as well as 
bone scintigraphy and a chest scan to detect sec-
ondary lesions.  

    Ewing’s Sarcoma 
 In spite of all these improvements in therapeutic 
techniques, the overall results have hardly pro-
gressed these last few years. Survival without a 
relapse is estimated at 60 % at 3 years and over-
all survival at 70 % at 3 years. The course can 
be complicated by the occurrence of an osteo-
sarcoma in the area irradiated. In metastatic 
patients survival rates of more than 50 % have 
been reported after remission and rigorous loco- 
regional treatment. The practical methods of 
chemical and paraclinical monitoring are compa-
rable to those for osteosarcoma.    

    Conclusion 

 Primitive bone tumors are rare conditions but 
mainly affect young people. Up until the 1970s, 
their prognosis was complicated by the appear-
ance of metastases in the vast majority of cases, 
but they have largely benefi ted from advances in 
chemotherapy. However, only close multi-disci-
plinary collaboration makes it possible to defi ne 
a suitable therapeutic strategy for each patient, 
to optimize the diagnosis, the treatment, and the 
subsequent monitoring and hence to increase the 
chances of a cure.  

    Therapeutic Orientation 
in Osteogenic Sarcomas 

 For a long time the treatment of osteogenic sar-
coma has been concerned solely with the local 
bone lesion which has either been immediately 
surgically excised, or has been irradiated follow-
ing an amputation which has been delayed in 
principle or due to necessity. A successful out-
come at 5 years of 20 % is equivalent with these 
two methods of treatment and, from the func-
tional point of view, although local irradiation 
allows unnecessary mutilations to be avoided in 
subjects who are going to die due to the develop-
ment of pulmonary metastases, it should be rec-
ognized that its insuffi ciencies and sequelae lead, 
except in rare exceptional cases, to patients who 
have been cured nevertheless having to undergo 
an amputation at a later stage. 

 A better understanding of the factors which 
affect the prognosis of osteogenic sarcomas has 
to guide the treatment. From this point of view, 
the problem of pulmonary metastases dominates 
that of the bone lesion, and osteogenic sarcoma 
could be considered to be a lung disorder, in the 
history of which there is a bone lesion, since 
death is due to the development of the metastases 
even though the bone lesion has been removed or 
could be if its existence had not become contin-
gent from the prognostic point of view. 

 Lung metastases are present in 98 % of 
patients followed up until their death. The date 
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they appear is known exactly due to the observa-
tions made in important series:

   eighty-fi ve percent appear in the fi rst 2 years,  
  after 18 months only 30 % of the patients are 

clear.    

 But it is necessary to distinguish the develop-
ment of the metastases linked to an anatomical 
development which makes it possible to diag-
nose them and their much earlier presence since 
the calculation, according to the time of dupli-
cation, leads us to think that they already exist 
in 60–80 % of cases at the time when the bone 
lesion is diagnosed. This idea of an impercepti-
ble disease, upon which the prognosis ultimately 
depends, is the main element in deciding which 
of the current treatments to adopt. It allows us to 
target the treatment in a logical and effective way 
since it is here that the right or wrong decision is 
taken. All the more so as many arguments lead 
us to believe that these lung metastases always 
occur in osteogenic sarcoma and that even the 
cures seen with traditional treatments limited to 
local action on the bone lesion, are only due to 

the “failure” of these metastases because of the 
spontaneous role of the natural immune defenses. 

 The role played by immune reactions, which 
Tavernier suspected without naming them, is 
based today on the knowledge acquired in the 
area of virology, cyto-carcinogenesis, and immu-
nology. We know that osteogenic sarcomas, and 
certainly other conjunctive sarcomas, are viral 
in origin (but also that other associated condi-
tions are necessary for oncogenesis). We know 
that it is the integration or transcription of the 
viral genome in the tumor cells which is the for-
eign antigenic element responsible for immune 
responses involving rejection, due to the involve-
ment of specifi c tumor or cell-mediated antibod-
ies. We also know that the cytolytic potency of 
these immune reactions is weak, without possible 
action on a large bone tumor or large metastasis 
but that it is perhaps decisive at the stage when 
lung metastases cannot be seen. 

 After a long, disappointing time, chemo-
therapy for osteogenic sarcomas seems to have 
entered a phase of spectacular progress owing 
to the products used (high-dose methotrexate, 
adriamycin).      
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 Introduction

To undertake normal activities of daily living the 
shoulder joint must allow a quite considerable 
range of motion [22]. The maximum elevation of 
the shoulder in the scapular plane generally lies 
between 170 and 180° (Freedman et al.) [3, 5]. To 
achieve this motion requires contributions from 
four shoulder components, namely the glenohu-
meral, acromioclavicular, sternoclavicular, and 
scapulothoracic articulations.

Muscle forces act across the glenohumeral 
joint to balance externally applied loads and the 
large motion at the shoulder involves changes 
of muscle moment arms. In an analysis of these 
forces across the shoulder it is convenient to 
divide the muscles into three groups: thora-
coscapular, scapulohumeral, and thoracohumeral 
muscles. However, the motion is complex, as is 
the relationship between the muscle actions and 
the joint movement. Three- dimensional analyses 
that approximate the real complexity of the shoul-
der [1, 12, 23, 24] cannot be solved uniquely due 
to the large number of active muscle elements. 

Therefore, some numerical optimization method 
is required to provide estimates of the applied 
forces. Electromyography has been used for 
assessing muscle function, but this technique is 
limited to a small number of superficial muscles 
and the signal is not directly related to the muscle 
force magnitudes.

This paper will follow the two-dimensional 
analysis used by Poppen and Walker in 1976 and 
1978 [17]. This considers elevation of the shoulder 
as a combination of the movement of the scapula 
across the thorax together with the articulation of 
the glenohumeral joint. In the normal shoulder the 
ratio of scapulothoracic to glenohumeral motion 
is 1:2, though this may reverse to 2:1 in the dis-
eased shoulder, as glenohumeral motion becomes 
restricted [6].

This two-dimensional analysis is able to estab-
lish some quite fundamental biomechanical princi-
ples that can be applied to understand the stability 
of the shoulder in the plane of the scapula. It is jus-
tified since it has been shown that the predominant 
motion of the scapula during the humeral elevation 
is upward rotation [10]. Biomechanical stability 
implies that the glenohumeral articulating surfaces 
should remain in contact throughout the ranges of 
motion that the joint might naturally encounter.

The analysis presented herein also considers 
what this requirement for biomechanical stabil-
ity implies for the design of shoulder prostheses. 
The first step is to set out some quite fundamental 
biomechanical principles that can be applied to 
understand the stability of the shoulder.

P. Mansat, MD (*) • M. Mansat
Department of Orthopedic Surgery and Traumatology,  
Pierre Paul RIQUET Hospital, CHU Purpan,  
Toulouse Medical School, Paul Sabatier University, 
Toulouse, France
e-mail: mansat@cict.fr

J. Egan 
E-Tech Ltd, Sheffield, England

31

mailto:mansat@cict.fr


388

 Basic Biomechanical Principles

To articulate a shoulder joint, muscle forces 
must act some distance away from the center of 
rotation to create a turning moment. As well as 
rotating the joint, these muscle forces have a ten-
dency to cause the joint surfaces to translate if 
they are not balanced by an equal opposing force. 
In particular, the action of the deltoid muscle at 
the shoulder gives this combination of the abduc-
tion rotation of the glenohumeral joint with a ten-
dency for the upward translation of the humeral 
head across the glenoid surface as shown in 
Fig. 31.1. Excessive translation must be resisted 
for the joint to remain stable [19].

When a force is applied to the proximal 
humerus, the direction of this force determines 
whether the shoulder will remain stable or 
whether subluxation will occur. If we assume in 
the first instance that the effects of friction are 
negligible, then the glenohumeral joint force 
must be exactly perpendicular to the articular 
surfaces at their point of contact. That is, the 
position of the humeral head will move across the 
glenoid surface until the point of glenohumeral 
contact directly opposes the applied force. If no 
such point of contact exists then the joint will 
not be stable as indicated in Fig. 31.2. This is the 
fundamental geometrical contact requirement for 
joint stability. Indeed, many of the experimental 
observations on shoulder behavior are a direct 
consequence of this fundamental principle.

Under the action of the deltoid muscle alone, 
the shoulder joint would tend to be unstable. The 
large range of motion requires that joint liga-
ments remain slack and only apply their passive 
constraints at extremes of motion. Active sta-
bilization is needed and this is provided by the 
additional contraction of the rotator cuff muscles. 
To understand this combined effect of deltoid and 
rotator cuff contraction we must consider how 
their forces can be combined into a single “resul-
tant” force. To combine the effects of two or more 
forces that act in different directions we can use 
the parallelogram of forces as shown in Fig. 31.3. 

Note that the muscles that give rise to these force 
do not have to be attached physically to the same 
point, the parallelogram  represents only their 
directions and not their physical location.

Also, the parallelogram of forces can be used 
to uncouple a single force R into its horizontal 
and vertical components, Rx and Ry respectively, 
as shown in Fig. 31.4.

When performing any of the activities of daily 
living, numerous forces act upon the humerus. 

Fig. 31.1 The force from deltoid contraction (gray) acts 
some distance from the center of glenohumeral rotation 
and therefore acts both to rotate the joint and to translate 
this superiorly
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These forces are derived from muscle actions, 
ligament constraints, and any supported weights. 
If at such a time the arm is held in a steady posi-
tion, then the humerus itself is said to be in a 
state of mechanical “equilibrium” in which all 
applied moments (forces multiplied by the dis-
tance to the center of rotation) balance, so the 
net turning effect is zero. Also, all the applied 
forces  similarly balance, so that all the horizontal 
and vertical components sum to zero, and con-
sequently the net resultant force on the humerus 
is zero.

Armed with these three basic concepts of 
(i) the geometric contact requirements for joint 
stability, (ii) the parallelogram of forces, and 

(iii) the balance of turning moments and forces 
for mechanical equilibrium, we now have the 
tools necessary for a mechanical analysis of the 
 glenohumeral joint.

 Glenohumeral Force and Joint 
Stability

Before considering the forces that act across 
the shoulder, let us first examine the stabil-
ity of the anatomical glenohumeral joint. Any 
 glenohumeral joint force R can be uncoupled 
using the parallelogram of forces into a force 
Rx directed centrally into the glenoid and a 

Fig. 31.2 Under 
conditions of zero 
friction stability of the 
glenohumeral joint 
depends on whether the 
humeral head can slide 
over the glenoid surface 
to find a contact that is 
perpendicular to the 
applied force. The 
condition on the left is 
stable; that on the right 
is not

F1

F2

R

Fig. 31.3 The length of the two connecting sides of the 
parallelogram F1 and F2 represents the magnitude of two 
forces. The resultant force R is represented in both magni-
tude and direction by the diagonal across the parallelo-
gram of forces

Ry

Rx

R

Fig. 31.4 A single force R can be separated into its 
horizontal and vertical components, Rx and Ry using the 
parallelogram of forces concept. The two forces Rx and Ry 
will thus produce exactly the same effect as R
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second shearing force Ry component that is 
perpendicular to this as shown in Fig. 31.4. Rx 
tends to stabilize the joint whilst the compo-
nent Ry tends to cause the joint to dislocate. The 
dominate effect depends on the curvature of the 
glenoid.

Iannotti et al. [9] have conducted a detailed 
study into the geometry of the glenohumeral joint 
and have found the geometry of the anatomical 
humeral and glenoid surfaces to be approximately 
spherical. The average radius of curvature of the 
normal glenoid surface is 27 mm with an average 
supero-inferior dimension of 39 mm. Therefore, 
in the scapular plane, this average glenoid surface 
will subtend an arc of ±46° about the center of 
the glenoid as shown in Fig. 31.5. In the absence 
of other factors, the requirement for joint stability 
is that the direction of the joint force R must be 
within this arc. That is:

 
R Ry x/ tan< °46

 

 
R Ry x/ .<1 04

 

Therefore, whilst this Ry/Rx ratio value will nor-
mally vary as the shoulder moves, it must always be 
less than unity for the shoulder joint to remain sta-
ble in the supero-inferior direction. A consequence 
is that a high Rx force component will increase 
glenohumeral stability. Subluxation forces will 

therefore be directly proportional to the applied 
joint load, as has been observed experimentally by 
both Fukuda et al. [7] and Severt et al. [8]. Lippit 
et al. [15] referred to this effect as “concavity com-
pression”, noting that increased stability correlated 
with the depth of the glenoid concavity and indi-
cated that scapular movement may also help cen-
tralize the glenohumeral articulation.

Other factors will also play a role in augment-
ing the stability of the glenohumeral joint. The 
periphery of the joint is surrounded by a fibrous 
tissue labrum that further resists joint sublux-
ation by effectively extending the glenoid surface 
through a greater arc than is shown in Fig. 31.5. 
The labrum consequently increases resistance to 
subluxation by between 18 and 52 % around the 
glenoid [15]. However, on the other hand, the 
deformation of the humeral and glenoid articu-
lar cartilage will modify surface curvature under 
loading so that subluxation may begin inside the 
glenoid periphery. The above theoretical maxi-
mum Ry/Rx ratio for the normal glenoid there-
fore probably overestimates the limit to glenoid 
stability.

The humeral head radius of curvature is found 
typically to be 2 mm smaller than the radius of the 
glenoid [9, 15]. Although the deformation of the 
articular cartilage that covers the opposing sur-
faces will accommodate some of this mismatch, 
the curvature difference will give the humeral 
head the capacity to slide across the face of the 
glenoid somewhat to find a position of mechani-
cal equilibrium as shown in Fig. 31.2.

 Constraint and Conformity 
of the Glenoid Surface

The angle subtended by the glenoid, as shown in 
Fig. 31.5, determines the constraint of the gle-
nohumeral joint. The more the glenoid surface 
wraps around the humeral head, the greater is 
the joint stability, but this increased constraint 
reduces the available range of motion. Therefore, 
a compromise is needed. In the shoulder, the 
need for a great range of motion requires a sig-
nificantly reduced constraint than, for example, 
in the hip where a greater stability and reduced 
motion is more suitable.

Ry

Rx

R

46º

Fig. 31.5 This scale drawing shows the mean anatomical 
supero-inferior dimension of the glenoid and the 
maximum angle of the joint resultant force R for joint 
stability. To maintain R within this maximum limit the 
ratio of Rx:Ry must be less than 1:1.04. The angle 46° 
determines the “constraint,” the higher this angle is the 
more constrained is the joint
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A second feature that defines the glenohu-
meral articulation is the conformity that is given 
by the mismatch between the radii of curvature 
of the opposing contact surfaces. As noted above, 
the glenoid radius of curvature may typically be 
2 mm larger than that of the opposing humeral 
surface, enabling some degree of translation of 
the humeral head across the glenoid surface [11]. 
Therefore, one would expect any increase in con-
formity to reduce range of motion to some degree, 
as this sliding motion is more limited, although 
Harryman et al. [8] found this effect to be small. 
Reduced conformity does lead to reduced contact 
areas and thus increased contact stresses, so that 
again some form of compromise is required.

From the analysis given above, the maximum 
Ry/Rx ratio defining the limit for the stable shoul-
der will increase as the constraint increases, vary-
ing with the tangent of the glenoid angle as shown 
in Fig. 31.6. Conformity would not be expected 
to affect the stability in the same way.

 Forces in the Abducted Shoulder

Analysis of the kinematics of the shoulder is 
complex in three dimensions. The joint itself is 
a mechanically indeterminate system so that, 
for instance, the same amount of glenohumeral 
movement can be achieved though different 
muscle actions [24]. However, an insight into 
the basic mechanics and the stabilizing action of 
the rotator cuff can be gained from a simple two- 
dimensional mechanical analysis. The first such 
analysis was conducted by Poppen et al. [16] and 
the analysis presented here is a derivation of this 
approach.

Here we will consider the situation shown in 
Fig. 31.1, in which the deltoid muscle alone is 
acting to abduct the humerus in the scapular plane 
[1]. The major effect of the rotator cuff muscula-
ture in this two-dimensional analysis is to pull the 
humeral head into the face of the glenoid, though 
supraspinatus is also able to abduct the shoulder 
[1]. The role of the rotator cuff musculature in 
other planes, such as for humeral internal and 
external rotation, cannot be considered in this 
two-dimensional analysis.

A first example considers a horizontally out-
stretched arm of 10 % body weight (0.1 W) sup-
porting a further 0.1 W weight in the hand. In 
this arrangement, the force exerted by the deltoid 
muscle in order to maintain equilibrium with a 
horizontal abduction is shown in Fig. 31.7. For 
equilibrium, the clockwise turning moment 
of the loaded arm must be matched by the 
 anti- clockwise turning moment generated by the 
deltoid. That is:

 0 1 0 1 2 0 1. . .W L W L L Fdeltoid´ + ´ = ´ ´  

*

3

2.5

2

1.5

1

0.5

0
0 20 40

Constraint Angle (degrees)

R
y/

R
x

60 80

Fig. 31.6 Variation of the maximum Ry/Rx value with the 
geometric constraint of the glenoid. The mark (*) shows 
the constraint of the average anatomical glenoid and (o) 
shows the comparable position of the Neer prosthetic 
glenoid

Fig. 31.7 Loading example of the horizontal arm. The 
hand is carrying a weight of 10 % body weight (0.1 W) 
and the weight of the arm itself (0.1 W) acts through the 
center of the limb. The two loads provide a clockwise 

turning moment that must be balanced by the anticlockwise 
moment of the deltoid force for the arm to remain 
abducted in equilibrium
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 F Wdeltoid = 3  

So that despite a fairly low physical loading 
(0.2 W), a deltoid force of three times body 
weight is needed to maintain equilibrium. This is 
simply because the deltoid acts through a small 
moment arm of only 5 % of the limb length (2 L), 
and thus a much higher force is needed to create 
an equivalent turning moment.

The parallelogram of forces can be used to 
combine the forces that are now acting on the 
humerus into a single resultant force R as shown 
in Fig. 31.8. To maintain equilibrium this joint 
force is counteracted by an equal opposing reac-
tion force from the glenoid onto the humerus. 
The single joint force R can be uncoupled 
using the same technique to give its horizontal 
and vertical components that are Rx and Ry. In 
this way Rx is simply the combined horizontal 
effect of the two original forces and Ry is like-
wise their  combined vertical effect. Therefore, 
for the mechanical equilibrium shown in  
Fig. 31.8:

 Rx = ° =3 20 2 82W Wcos .  

 
Ry = ° = - =3 20 0 2 0 83Wsin W W. .

 

The parallelogram of forces can be used to calcu-
late the single joint force R where:

 R R Rx y
2 2 2= +  

In this case the value of R is 2.9 W and the 
Ry/Rx ratio value of this resultant force is 0.29. 
Remember that the shoulder will be unstable if 
this ratio exceeds a theoretical value of unity. 
Thus, one may conclude that equilibrium is 
likely be maintained by the arrangement of forces 
shown in Fig. 31.8.

Now, in a second example, consider the 
same loading situation with the arm hoisted to 
only 30° of abduction as shown in Fig. 31.9. 
In this case the balance of rotational moments  
gives:

 

0 1 30 0 1 2 30

0 1

1 5

. sin . sin

.

.

W L W L

L F

F W
deltoid

deltoid

´ ´ °+ ´ ´ °
= ´ ´

=  

Fig. 31.8 The forces applied to the humerus in Fig. 31.7 
can be collected into a single resultant force that has a 
magnitude of 2.94 times body weight and acts at 16.3° to 
the horizontal. Under this loading the shoulder is stable

Fig. 31.9 Loading example with the arm abducted to 
30°. The perpendicular distance of the 10 % body weight 
in the hand and the weight of the arm from the center of 
rotation is smaller than in Fig. 31.7 being 2 L sin 30 and L 
sin 30 respectively. Therefore, the clockwise turning 
moments is reduced compared to that in Fig. 31.7 and the 
opposing deltoid force is smaller

P. Mansat et al.



393

So now a lesser deltoid force of 1.5 times body 
weight is required to maintain the equilibrium. 
However, the direction of this deltoid force is 
much more vertical, so that the parallelogram of 
force creates a more vertical resultant glenohu-
meral force as shown in Fig. 31.10. The horizon-
tal and vertical components of this resultant force 
are now:

 Rx = ° =1 5 80 0 26. cos .W W  

 
Ry = °- =1 5 80 0 2 1 28. . .Wsin W W

 

Here the resultant joint force R magnitude is 
1.3 W but the Ry/Rx ratio takes a value of 4.92. 
Under this resultant force, the shoulder would be 
expected to be unstable in this case and would 
certainly dislocate superiorly.

Now the action of the rotator cuff musculature 
can be superimposed onto the resultant joint force 
calculated using Fig. 31.10. Here we will assume 
that this rotator cuff force acts perfectly horizon-
tally. In combination with the joint force, a new 
parallelogram can be formed to calculate a new 

final resultant single force. In Fig. 31.11 the Ry/Rx 
ratio value is brought down to 0.36 (tan 20°), at 
which point the shoulder may be expected to be 
stable. Effectively, the rotator cuff is reducing 
this ratio by increasing the denominator Rx value. 
However, this stabilization requires a large cuff 
force of 3.24 times body weight and the resultant 
combined joint reaction force in now 3.72 W. In 
this case, rotator cuff activity from supraspinatus 
will be most effective to protect the joint from 
superior subluxation, although an intact “trans-
verse force couple” (subscapularis, infraspinatus, 
teres minor) may itself ensure normal glenohu-
meral motion [19, 20].

In a modification of the above scenario, 
Fig. 31.12 shows the effect when the rotator 
cuff force is displaced downwards by 10°. With 
this fairly minor adjustment, the rotator cuff 
force needed to maintain stability is reduced by 
31 %.

Because the shoulder system is mechanically 
indeterminate, it is not possible to be sure that the 
above picture presents an accurate view of reality, 
as the same shoulder positions can be achieved 
through the actions of different muscles. Indeed, 
supraspinatus may have a role in the initiation 
of abduction [20]. However, the analysis does 
demonstrate that high loads can be created at the 
glenohumeral joint as the rotator cuff contracts 
to increase the normal force (Rx) to ensure joint 
stability. The effect of the rotator cuff is required 

Fig. 31.11 The rotator cuff muscles effectively increase 
the horizontal force component Rx so that the Ry/Rx ratio 
is reduced to a point where the shoulder can be stable. 
However, to achieve this with the forces shown requires a 
rotator cuff force of 3.24 times body weight

Fig. 31.10 The forces applied to the humerus in Fig. 31.9 
can be collected into a single resultant force that has a 
magnitude of 1.3 times body weight and acts at 78.5° to 
the horizontal. Under this loading the shoulder is unstable
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more in early abduction when the direction of the 
deltoid force is more tangential to the glenoid 
fossa.

 Anterior–Posterior Considerations

The whole of above analysis concerns the abduc-
tion of the glenohumeral joint in the scapular 
plane and movement is entirely supero- inferior. 
However, the same considerations apply in the 
antero-posterior (a–p) direction with activities 
requiring internal and external rotation. In this 
plane the glenoid fossa is a more complex pear 
shape with an average superior dimension of 
23 mm and a larger inferior dimension of 29 mm 
[9]. Note that these sizes are smaller than the 
equivalent supero-inferior dimension, so that the 
glenoid is less constrained in the antero-posterior 
direction. The 1:0.8 ratio in the superior and infe-
rior a–p dimension observed by Iannotti exactly 
matches the 1:0.8 ratio in superior and inferior 
a–p subluxation forces measured by Lippit et al. 
[15], once again showing how the glenoid con-
cave geometry is a major determinant of shoulder 
stability.

In fact, using the theoretical techniques 
described above, inferior a–p subluxation should 
require a maximum Rz/Rx ratio value of 0.64. 
This will again probably be less in practise due 
to a flattening of the curvature of the articulating 

surfaces under load. Rotator cuff activity from 
subscapularis and infraspinatus will be effective 
in preventing anterior and posterior instability 
respectively.

 The Effect of Joint Friction

The above analysis has been conducted under the 
assumption that the effect of friction at the gleno-
humeral articulation is negligible. The coefficient 
of friction of the cartilage surface of the anatomi-
cal joint is about 0.003, which contributes a fric-
tion force of only 3 thousandths of the resultant 
force calculated above. This may accurately be 
described as negligible. In the case of the pros-
thetic joint, the coefficient of friction for metal 
on polyethylene reaches approximately 0.08 so 
that again the friction force will comprise less 
than 10 % of the joint reaction force. This fric-
tion will act in a direction to resist dislocation so 
that the joint will consequently be more stable by 
this same amount. Experimental measurement 
of frictional torque by Severt et al. [18] presents 
low values of 0.1–0.3 Nm, with the lowest values 
in this range associated with prostheses with the 
lowest conformity.

Glenohumeral conformity will have a greater 
frictional effect with rotation in the plane of the 
glenoid, as may occur in humeral elevation per-
pendicular to the scapular plane. Whilst the fric-
tion forces will be the same, the frictional torque 
will then depend on the radius of the joint contact 
area, which can be much smaller in the less con-
forming geometry.

The most significant effect of joint friction is 
likely to occur in hemi-arthroplasty where fric-
tion of the metal-on-bone articulation has been 
estimated to reach 0.3. Therefore, an additional 
frictional force 30 % of the joint reaction force 
will enter the analysis and make the joint more 
stable against dislocation. However, the cost 
of this higher joint friction may be to increase 
the wear damage of the glenoid cavity which 
will change its geometry, possibly reducing the 
constraint and eventually leading to reduced 
joint stability. This behavior [14] appears in 
the posterior glenoid wear that may accompany 

Fig. 31.12 Displacing the rotator cuff force downwards 
somewhat has the effect of reducing the muscle forces and 
the combined joint reaction force appreciably compared 
to those in Fig. 31.11
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 hemi-arthroplasty [14]. This loss of glenoid 
 constraint may be restored with the use of a 
 prosthetic glenoid.

 Implications for Shoulder 
Prosthesis Design

The typical share of scapulothoracic to glenohu-
meral motion is 1:1.3 after shoulder arthroplasty 
rather than the normal 1:2 [6], and also the range 
of motion is often less that the normal shoulder. 
Therefore, one may expect that normal shoul-
der kinematics are not usually restored by this 
surgery. The anatomical position of the gleno-
humeral articulation is clearly important for rota-
tor cuff function [13]. The balance of moments 
in Figs. 31.7 and 31.9 demonstrates the impor-
tance of the deltoid moment arm which must be 
restored with sufficient lateral offset in a humeral 
prosthesis, otherwise even larger deltoid forces 
and joint reaction forces must be generated 
around the joint to achieve equilibrium.

In their cadaver study, Severt et al. [18] 
revealed that the lateral humeral offset that deter-
mines the deltoid moment arm increases with 
humeral head thickness. This anatomical feature 
is reflected in the design of the Neer 3 humeral 
component (Fig. 31.13) in which the larger 
humeral head positions are adjusted medially to 
increase their effective deltoid moment arm.

As discussed above, the constraint and the con-
formity of the glenohumeral articulation are two 
principle features that determine shoulder motion 
and stability. On Fig. 31.6 the supero- inferior 
constraint produced by the standard Neer II pros-
thetic glenoid component is indicated alongside 
that of the average anatomical glenoid. From the 
theoretical calculation as conducted above, the 
expected maximum Ry/Rx ration at subluxation 
for the standard Neer II glenoid prosthesis would 
be 0.89. This is 14 % lower than the normal gle-
noid, although the smaller supero- inferior dimen-
sion of the Neer glenoid prosthesis (33.3 mm) is 
somewhat compensated by a reduced radius of 
curvature of 25 mm.

In fact, Severt et al. [18] experimentally mea-
sured a Ry/Rx ratio of 0.6 at subluxation with the 

Neer glenoid and this same figure varied from 0.2 
to 0.8 with different types of glenoid prostheses 
depending on the prosthetic design and the direc-
tion of loading. Fukuda [7] similarly measured 
this ratio for the Neer II glenoid at 0.87 decreas-
ing to 0.53 as the central loading (Rx) approaches 
body weight. These figures are close to the the-
oretical value shown in Fig. 31.6. A difference 
between these experimental estimates and the 
theoretical calculation of the maximum Ry/Rx 
ratio is due to the effects of the deformation of the 
polyethylene prosthesis under load that reduces 
its effective curvature and hence its constraint. 
Indeed, this indicates the importance of achiev-
ing the full seating of the all- polyethylene gle-
noid prosthesis against a prepared glenoid cavity 
to protect against instability. A ratio value of 0.43 
occurs when an all-polyethylene prosthesis is not 
fully supported on its bone-contacting surface.

Karduna et al. [11] have demonstrated that 
variation of conformity in a total shoulder pros-
thesis has a negligible effect on stability as indi-
cated by the maximum Ry/Rx ratio. Therefore, 
a reduction in conformity with some radical 
mismatch between the humeral and glenoid 

Fig. 31.13 In the Neer 3 humeral stem design, the articu-
lation of the larger head sizes is medialized to increase the 
deltoid moment arm
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articulating surfaces may provide for a more 
physiological motion with some glenohumeral 
translation without a penalty of a loss of stability. 
Severt et al. [18] found that reducing conformity 
increases the translation to reach the maximum 
subluxation force. This is to be expected from the 
analysis presented above (Fig. 31.2). In fact, in 
the absence of polyethylene deformation, a per-
fectly conforming articulation would not trans-
late at all prior to dislocation.

An increased conformity will increase the 
frictional torque in elevation rotation in the plane 
of the glenoid. This will inevitably increase the 
demands on the fixation of a glenoid prosthesis. 
On the other hand, a reduced conformity will 
increase the glenohumeral contact stresses that 
may take these values beyond the yield stress for 
the polyethylene and result in an increased wear-
ing of this material [21].

All factors that have the virtue of increasing the 
stability of the shoulder by increasing the sublux-
ation forces inevitably have the consequence that 
the higher forces will also place greater demands 
on the implant fixation. Therefore, it is important 
to consider how the changes of glenohumeral 
articulation may affect the stresses transferred 
from the implant to the bone, which may deter-
mine the durability of the fixation of the glenoid 
prosthesis.

Couteau et al. [2] have used a three- 
dimensional finite element model to examine the 
changes in scapular stresses with off-center load-
ing. Figure (plate section) shows that a principle 
effect of the off-center loading is a modification 
of the bending of the scapula in the vicinity of 
the posterior notch. One may expect that whilst 
this bending may normally serve a useful physi-
ological shock-absorbing function, an exagger-
ated bending may challenge implant fixation. 
One may conjecture that central glenoid loading 
is likely to be most conservative for the implant 
fixation, with a reduction of a so-called “rocking-
horse” effect [4]. Following on from the analysis 
given above, central glenoid loading is dependent 
on a proper functioning of the rotator cuff muscu-
lature. Indeed, rotator cuff dysfunction has been 
associated with glenoid implant loosening [4].

A second and surprising effect uncovered in 
the finite-element study of Couteau et al. [2] is 
the increase of implant bone interface stresses as 
the conformity of the glenohumeral articulation 
is reduced.

The scapular bone stock available for gle-
noid fixation and the condition of the rotator cuff 
musculature are two factors that must influence 
prosthesis selection and operative procedure. If 
the rotator cuff cannot be expected to aid joint 
stability, then a more conforming articulation that 
is inherently more stable may be preferred, even 
though this may place increased demands on gle-
noid fixation.

 Summary

Although the shoulder is a non-weight-bearing 
joint, high loads can nevertheless be generated 
across the glenohumeral articulation.

The stability of the glenohumeral articulation, 
both anatomical and prosthetic, is dependent on 
the humeral and glenoid articulating geometry, 
the adequate bony support for a glenoid prosthe-
sis, and also on the function of the rotator cuff 
musculature.

The mechanical demands placed on glenoid 
prosthesis fixation are also appreciably affected 
by the characteristics of the glenohumeral artic-
ulation, but the effects here are complex and 
require a full three-dimensional mechanical anal-
ysis to comprehend.
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      Robotic Surgery 
of the Scapulo- Clavicular Girdle                     

     Eric     Nectoux     ,     Sybille     Facca     ,     Gustavo     Mantovani     , 
    Stacey     Berner     , and     Philippe     A.     Liverneaux     

       Surgery of the scapulo-clavicular girdle 
 underwent several developmental steps tending 
towards utilization of both lesser invasive surgi-
cal approaches and ever more precise technical 
procedures. At the beginning, from the advent 
of modern anaesthesia until the end of the fi rst 
half of the twentieth century, numerous so-called 
“open” surgical approaches had been described. 
Each responded to a precise goal, that is to reach 
a deeply situated tissue in order to perform the 
repair of a given lesion, while avoiding any 
harm to every other noble anatomical structures. 
However, during this period, surgeons did not 
usually care about the size of the residual scar-
ring or the extension of the underlying dissection. 

“Great surgeon, large incision” as the popular 
saying used to underline. Nowadays, such sur-
geons have lost a great deal of their panache, and 
these large incisions (i.e., the Martini approach) 
have been progressively abandoned because they 
are too invasive. Some open approaches are still 
in use in prosthetics surgery or in traumatology 
when there is a need to extract bony fragments 
and /or introduce large prosthetics components or 
large osteosynthesis devices. 

 “Open” surgery up until the 80s was the only 
way to approach the scapulo-clavicular girdle, 
despite the publication of the fi rst arthroscopic 
gleno-humeral studies in a human cadaver in 
the 1950s [ 1 ,  2 ]. The main goal of arthroscopy 
is to reach deep tissues in order to repair several 
types of lesions with limited harm to other struc-
tures thanks to punctiform approaches. It wasn’t 
until the 90s that routine gleno-humeral arthros-
copy was performed in clinical practice [ 3 – 5 ]. In 
fact, scapulo-clavicular girdle arthroscopy itself 
needed several steps to develop [ 6 ]. The fi rst 
step was represented by a dramatic improvement 
in diagnosis, with comparison to previous low- 
quality paraclinical examinations and regarding 
diffi cult if not damaging surgical approaches. 
The second step consisted in proposing various 
surgical techniques equivalent to their “open” 
homologues [ 7 ] (repair of gleno-humeral liga-
ments, acromioplasty, acromio-clavicular joint 
resection, rotator cuff suture…). The third step 
was to propose new and previously undescribed 
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techniques (cure of SLAP lesions, chondroplasty, 
joint washing, partial debridements, shrinkage, 
mini-open cuff repair…). The fourth step arrived 
when arthroscopy left the sole gleno-humeral 
joint to explore other joints such as the acromio- 
clavicular [ 8 – 11 ], the sterno-clavicular [ 12 ] or 
the scapulo-thoracic joints [ 13 ]. The fi fth and 
still actually developed step to date is to extend 
the use of endoscopic means to the exploration 
of peripheral nervous tissue. Supra-clavicular 
neurolysis has already been described [ 14 – 16 ], 
and some recent reports propose an endoscopic 
approach of the brachial plexus [ 17 ,  18 ], and its 
surgical repair [ 19 ]. 

 In this context, we think it possible to take a step 
further by developing robotically assisted surgery 
of the scapulo-clavicular girdle. Theoretical assets 
of robotics versus endoscopy are the suppression 
of physiological tremor, three-dimensional high 
defi nition view of the surgical fi eld, optical mag-
nifi cation and comfortable ergonomics. However, 
since surgical robots available on the market to 
date have been designed for soft tissue surgery, it 
seems logical in the fi rst place to focus on roboti-
cally-assisted surgery of the nervous tissue of the 
scapulo- humeral girdle. We will fi rstly expose our 
experimental studies before reporting our prelimi-
nary clinical experience. 

    Experimental Surgery 

 Regarding surgical management of scapulo- 
clavicular girdle palsies, recent development of 
neurotizations should not make us forget that 
direct exploration of nervous lesions has still 
got many indications, especially in total brachial 
plexus palsies. Of course, surgical approach of 
the supra-clavicular plexus, often performed 3 
months after the initial trauma, is rendered dif-
fi cult with soft tissue sclerosis. In this context 
however, development of minimally-invasive 
techniques should allow early intervention, 
within the 8 following days after injury. The 
main goal would be both an assessment and early 

 surgical repair in semi-emergency of any graft-
able root, without breaking all ties with possible 
secondary complementary neurotizations. 

 This study was conducted at the experimen-
tal robotic surgery lab at Intuitive Surgical™ 
(Sunnyvale, CA, USA). In a fresh cadaver were 
prepared three 8 mm approaches next to the exter-
nal half of the right clavicular region, starting 
from the lateral tip of the clavicle and further on 
separated from each other by 6 cm gaps, all of 
them being distant of at least 9 cm from the cervi-
cal region. Then was installed a DaVinci® robot 
(Intuitive Surgical™, Sunnyvale, CA,USA) next 
to the right shoulder. Using the two most lateral 
and medial approaches were introduced 2 arms 
holding detachable surgical instruments, and by 
the in-between approach was inserted a double 
endoscopic 3D HD camera. A dissection chamber 
was created using forceps and bipolar scissors, 
furthermore maintained during the procedure by 
CO 2  insuffl ation 4 mmHg pressure (Fig.  32.1 ).

   The supra-clavicular brachial plexus and adja-
cent anatomical structures were dissected: jugu-
lar vein, phrenic nerve, scaleni muscles, C4–C7 
nerve roots. Haemostasis was obtained by using 
both electrocoagulation and surgical clips. An 
artifi cial lesion was performed by cutting a 2 cm 
gap in the C5 root. This “substance loss” was 
auto-grafted by matching both extremities with 
epiperineural 10/0 nylon stitches performed via 
the instrumental port. The entire procedure was 
fi lmed and recorded. No technical diffi culties 
were noted (Fig.  32.2 ).

   Our results show that an endoscopic treatment 
of supra-clavicular palsies seems possible. Low 
pressure CO 2  insuffl ation not only avoided both 
tissular coadaptation of the dissection and subcu-
taneous gaseous emphysema, but also provided 
comfortable working chamber. Using a surgical 
robot facilitated the dissection step, and allowed 
performance of microsurgical sutures in very 
comfortable conditions. Ideally, one should have 
available smaller instruments and instruments 
more adapted to nervous surgery such as fi brine 
glue or electrostimulation in order to  perform 
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  Fig. 32.1    Preparation of arobotically-asisted endoscopic 
repair of a right supraclavicular brachial plexus: ( a ) fi nger 
introduction into one of the instrumental approaches in 
order to perform a subcutaneous dissection preparing the 

working chamber. ( b ) The 3 trocars are set in place. ( c ) 
The robot ready to operate. Note that the “slave” base of 
the robot is situated at the cranial extremity on the oppo-
site side       
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such a procedure in routine clinical  practice. 
Nonetheless, the perspective of having such 
minimally-invasive techniques coming in handy 

and available should allow surgical management 
in semi-emergency of traumatic brachial plexus 
palsies with maximal reliability.  

e

c d
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  Fig. 32.2    Endoscopic view from the master console of a 
robotically-assisted repair of a right supraclavicular bra-
chial plexus: ( a ) View of the working chamber, progres-
sively widened by an instrumental dissection. Note on 
both sides of the operating fi eld bipolar “Maryland” for-
ceps. ( b ) View of the working chamber. The C5 root with 
its 2 cm gap section as an experimental graft model (black 
star). The black arrow points towards the substance loss. 
( c ) View of the working chamber. Introduction of a 10/0 

nylon thread with its support using one of the two instru-
mental trocars. The needle is held by a “Black diamond®” 
forceps ( d ) View of the working chamber. Note the needle 
through the proximal stump of the C5 root. The black star 
points the graft model described in G. ( e ) View of the 
working chamber. Final view of the graft. The white star 
shows the C5 root upstream of the graft and the black star 
the C5 root following the graft       
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    Clinical Experience 

 Since the 90s, telesurgery has been routinely 
 performed in cardiac, urologic, gynaecologic and 
digestive surgery. It has brought major progress 
in these fi elds: reduction of total procedure dura-
tion, enhancement of both precision and accuracy 
of the surgical gesture, decrease in blood loss, 
better surgical ergonomics. For all these reasons, 
we developed the concept of telemicrosurgery 
[ 20 ] and tried to apply the latter to surgical indi-
cations belonging to nervous microsurgery [ 21 ]. 
We report a series of 8 cases of nervous lesions 
at the scapulo-clavicular girdle operated with a 
DaVinci S® robot since 2009. 

 All patients were operated at the Hôpitaux 
Universitaires de Strasbourg (Strasbourg 
University Hospital) (Table  32.1 ). Our series 
comprised eight patients, all men, aged a mean 
27 year (20–35). There were 2 complete brachial 
plexus palsies, 3 partial C5–C6 brachial plexus 
palsies and 2 in-continuity axillary nerve lesions, 
and at last one associated palsy of the axillary 
nerve and musculo-cutaneous nerve.

   All patients were operated by telemicrosur-
gery using a DaVinci S® robot. The robot was 
equipped with 3 arms, one bearing Potts scissors 
and the two other microsurgical Black Diamond® 
forceps. All sutures were performed with 9/10 
and 10/0 nylon in addition to biological glue. 

 Both complete brachial plexus palsies under-
went sural nerve grafting between the C5 root or 

the spinal nerve and the musculo- cutaneous nerve 
at the arm. The latter procedures were performed 
after subcutaneous dissection of the supracla-
vicular region up to the cervical region. The 3 
incisions each measured 8 mm but an “open” 
conversion had to be done in both cases because 
dissection of the area was too diffi cult. C5–C6 
avulsions were managed by neurotisation of an 
ulnar nerve fascicle onto the motor branch of the 
musculo-cutaneous nerve (Oberlin technique). In 
both cases of axillary nerve exploration, using 
the robot failed because it was found impossible 
to reach the lesion with the microsurgical instru-
ments. An “open” conversion was needed in 
these two cases. Concerning the combined palsy 
of the axillary nerve and the musculo-cutaneous 
nerve, a neurotisation of the axillary nerve by 
the nerve of the long head of the triceps brachii 
(Somsak technique) and a neurotisation of an 
ulnar nerve fascicle onto the motor branch of the 
musculo- cutaneous nerve (Oberlin technique) 
were performed. 

 This small series with a very short follow-up 
nonetheless highlights new perspectives regard-
ing indications of telemicrosurgery in peripheral 
nerve surgery, depending on the lesional level. 

 At the cervical level, contribution of telemi-
crosurgery might well prove capital, by allow-
ing minimally-invasive approach of the brachial 
plexus. Beyond the cervical level, indications 
for telemicrosurgery are quite similar to those 
in conventional microsurgery. However, its main 

   Table 32.1    Our clinical series of 8 scapulo-clavicular girdle palsies   

 Patient  Gender  Age 
 Side 
 (R-L)  Lesion  Procedure 

 Follow-up 
 (months) 

 BMRC 
score 

 1  M  35  L  Total brachial plexus  C5-Musculocutaneous graft  22  0 

 2  M  23  R  Total brachial plexus  XI- musculocutaneous graft  18  2+ 

 3  M  33  L  Axillary nerve  Neurolysis  12  5 

 4  M  20  L  Axillary nerve  Neurolysis  10  5 

 5  M  22  R  C5-C6 roots  Oberlin procedure  8  4 

 6  M  31  L  C5-C6 roots  Oberlin procedure  7  4+ 

 7  M  24  R  C5-C6 roots  Oberlin procedure  10  4+ 

 8  M  26  L  Axillary nerve 
 Musculocutaneous nerve 

 Somsak procedure 
 Oberlin procedure 

 12  4 
 4+ 

   BMRC  British Medical research council score for muscular force,  R  right,  L  left,  M  male  
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features greatly facilitate the surgical gesture. At 
the axillary level, moreover in lateral decubitus, 
the combined anterior and posterior approach 
of the axillary nerve is impossible in telemicro-
surgery, since DaVinci S® ergonomics are not 
designed for “horizontal surgery”. 

 We think that it will be possible, hopefully in 
a near future, to defi ne specifi c indications for 
telemicrosurgery [ 22 ], thanks to its outstanding 
features (suppression of physiological tremor, 
simultaneous utilization of several microinstru-
ments, enhancement of the surgeon’s gestures, 
three-dimensional HD vision) [ 23 ].  

    Conclusion 

 Robotically-assisted surgery of the scapulo- 
clavicular girdle is at its birth. In comparison 
with endoscopy, development of this tech-
nique follows the opposite direction, since 
endoscopy started with the articular explora-
tion and further steps led to exploration of the 
soft tissues. Robotically-assisted surgery 
starts to the contrary with the exploration of 
peripheral nerve structures, and will hopefully 
fi nd new indications in the future.     
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      Pedicle Screw Fixation in Thoracic 
or Thoracolumbar Burst Fractures                     

     S.  I.     Suk       and     W.  J.     Kim    

       When the decision is made to perform a posterior 
stabilization procedure for a thoracic or thoraco-
lumbar burst fracture, pedicle screw fi xation is a 
valuable assistance. Pedicle screw fi xation of the 
spine, fi rst described by Boucher [ 1 ] in 195Y and 
popularized by Roy Camille [ 2 ,  3 ] in the 1960s, 
has evolved through an era of pedicle screw and 
plate to today‘s modern pedicle screw and rod 
system. As it offers rigid fi xation unparalleled 
by other fi xation methods enabling a reliable 
fi xation even in a vertebra with posterior element 
defects or severe osteoporosis, it has now become 
one of the most widely employed fi xation devices 
in the fi eld of spinal surgery, including spine frac-
tures [ 4 – 6 ] 

 In surgeries for thoracic or thoracolumbar 
burst fractures pedicle screw fi xation has proven 
itself to be extremely effective and useful, offer-
ing the advantages of rigid fi xation, improved 
segmental control, enhanced deformity correc-
tion, and reduction of the fusion extent in both 
fresh fractures and old fractures with deformity 

[ 7 ,  8 ]. The purpose of this chapter is to  introduce 
the biomechanical, anatomical basis and tech-
niques of treating thoracic or thoracolumbar 
burst fractures with pedicle screw fi xation. 

    Anatomy and Biomechanics 

 For a safe and reliable pedicle screw fi xation of 
a thoracic and thoracolumbar burst fracture, a 
thorough understanding of the pedicle anatomy 
throughout the thoracic and the lumbar spine and 
of the biomechanical basis of the pedicle screw 
fi xation is an absolute prerequisite. 

    Pedicle Anatomy 

 The pedicles in the thoracic and lumbar verte-
brae are two short, thick processes that project 
dorsally, one on either side from the cranial part 
of the vertebra body at the j unction of its dorsa 
and lateral surfaces. Medially, they border the 
spinal dura. Laterally, they are in proximity to 
the exiting nerve roots and the segmental vessels. 
Superior and inferior, they form the interverte-
bral foramina with the pedicles of the adjacent 
vertebrae, through which the spinal nerve roots 
exit. The roots traverse the foramina just inferior 
to the pedicles. This anatomic relationship puts 
the structures in proximity to dangers of injury in 
malpositioning of the screws. 
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 The pedicle is an oval-shaped cylinder of cor-
tical bone fi lled with some cancellous bone in the 
center. The medial wall of the pedicle is thicker 
than the lateral wall and for this anatomical rea-
son, the transpedicular screws are more apt to be 
out of the pedicle laterally than medially. 

 The pedicle shape, dimensions, and orienta-
tions vary from region to region [ 9 – 11 ]. in adults, 
the vertical diameter of the pedicle increase 
steadily from 7 to 15 mm going down from Tl to 
L5. The horizontal diameter decreases gradually 
from 7 in Tl to 5 mm in T5 and then gradually 
increases to 16 mm in L5. The transverse angle 
of the pedicles, which is the angle formed by the 
axis of the pedicle and the vertical line, gradually 
decreases from a mean of 30° in Tl to −5° in T12 
and then increases to 30° in L5. The horizontal 
angle, which is the angle formed by the axis of 
the pedicle and the horizontal line paralleling 
the lower vertebral end plate, shows the greatest 
negative value in 19 and 10 (Fig.  33.1a–d ). These 
facts are important guidelines for an appropriate 
choice of the screw sizes and directions of screw 
insertion in the intended instrumentation levels, 
especially in deformed spines where radiographic 
guide is made more obscure by the rotational or 
angular deformity of the spinal column.

   In children, the pedicles are smaller, but their 
relative dimensions and orientations are simi-
lar to those found in adults. As the spinal canal 
reaches YU% of adult size at the time of birth 
and reaches the adult size by the age of 2 [ 12 ], 
pedicle screw fi xation may be carried out with-
out dangers of causing iatrogenic spinal stenosis 
after this age. Though the pedicles are very small 
in pediatric patients, their bone is very plastic and 
the pedicles usually receive a screw larger than 
the outer diameter of the specifi c pedicle by plas-
tic deformation of the pedicle cortex when the 
screw is inserted slowly through the center of the 
pedicle provided that the pedicular cortex is not 
violated [ 13 ,  14 ].  

    Biomechanics 

 Among the many advantages the greatest offered 
by the pedicle screw is rigid fi xation, far superior 

to non-pedicle fi xations [ 4 – 6 ] However, obtain-
ing such a reliable, rigid fi xation is possible 
only through a sound technique, with a thorough 
understanding of the variables which may affect 
the strength of the fi xation. The infl uence of vari-
ous screw related and insertion technique related 
parameters on the rigidity of the fi xation offered 
by a pedicle screw has been extensively studied 
by nondestructive biomechanical studies and 
studies measuring the pullout strength of pedicle 
screws.  

    Pedicle Screw Diameter 

 Generally, the pullout strength of a pedicle screw 
increase with increasing major diameter of the 
screw as long as the integrity of the pedicle is not 
violated [ 15 ,  16 ]. The pedicles usually accepted 
screws with diameters less than 86 % of the isth-
mic outer diameter of the pedicle without sig-
nifi cant structural alterations [ 10 ]. A screw of 
a larger diameter may cause a linear fracture of 
the pedicles, but the pullout strength is not sig-
nifi cantly affected. The pedicles are capable of 
receiving a screw up to 116 % of the isthmic 
diameter without signifi cant change in the pull-
out strength. Though some speculate that a screw 
with a diameter of 3.5–4 s is suffi cient to resist 
any pullout force generated in the human body, 
we believe it is much more reliable to use a screw 
with a diameter of approximately 80 % of the 
pedicle diameter; this offers maximum pullout 
strength.  

    Screw Length 

 Theoretically, the pullout strength of a pedicle 
screw increases with increasing depth of inser-
tion as the surface area of contact increases. 
Some even advocate penetration of the anterior 
vertebral cortex to obtain a bicortical fi xation 
to increase the pullout strength [ 17 ]. However, 
there have been contradictory studies stating that 
the pullout strength is not signifi cantly affected 
by the depth of insertion when the screw passes 
deeper than the posterior one half of the  vertebral 
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  Fig. 33.1    ( a ) Transverse pedicle diameters. ( b ) Superoinferior pedicle diameters. ( c ) Anteroposterior pedicle angles. 
( d ) Horizontal pedicle angles         
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body [ 16 ,  18 ,  19 ]. The authors agree with the lat-
ter view and advocate using screws that penetrate 
.0-.030 of the anteroposterior vertebral diameter. 
This apparent paradox is attributed to the pres-
ence of a dense sheet of cortical bone, the so 
called neurocentral junction [ 19 ], situated in the 
posterior one third of the vertebral body at the 
site of former neurocentral synchondrosis, that 
makes biomechanical bicortical fi xation possible 
(Fig.  33.2 ). The neurocentral junction marks the 
site of union between the centrum and the two 
neural arches which develop from separate pri-
mary ossifi cation centers and unite at the age of 
3–6 years.

       Screw Direction 

 Except in the sacrum where the pedicles are 
large enough to allow a signifi cant alteration in 
the directions of the pedicle screws to engage the 
medial anterior cortex, the upper sacral end plate 
or the ala, the optimal direction of a pedicle screw 
seems to be along the axis of the pedicle. Though 
this does not signifi cantly affect the screw pullout 
strength in most situations, it reduces the chance 
of pedicular cortical perforations.  

    Screw Hole Preparations 

 Pedicle screws offer greatest pullout strength 
when the diameter of the screw holes are as large 
as the minor diameter of the screws inserted, 

approximately 60 % of the pedicular isthmic 
outer diameter [ 14 ]. When the diameter of the 
holes are smaller, screw insertion is not only 
diffi cult but may also cause pedicle fractures. 
Making a hole of a larger diameter in the pedicle 
may cause breakage of the pedicle cortex dur-
ing the hole preparation procedure and reduces 
the pullout strength [ 14 ,  20 ]. As to the method 
of making the screw holes, there was no signifi -
cant difference in the pullout strength between 
holes prepared by drilling and probing [ 20 ,  21 ]. 
However, probing seems to reduce the chance of 
damage to the pedicular cortex.  

    Number of Screws 

 The rigidity of fi xation increases with increasing 
number of screws, thus being most rigid in seg-
mental instrumentation where screws are inserted 
in every segment fused [ 5 ,  22 ]. In a nondestruc-
tive study using porcine vertebral columns, the 
segmental screw fi xation construct was signifi -
cantly stiffer than the nonsegmental screw con-
struct in all the parameters of fl exion, extension, 
lateral bending, and torsion [ 23 ] Though there had 
been enthusiasm to reduce the instrumentation to 
one side (unilateral instrumentation technique), 
the authors advocate bilateral instrumentation to 
enhance resistance to torsional forces.  

    Transverse Links 

 The audition of transverse links to bilateral seg-
mental constructs signifi cantly increases the sta-
bility in axial rotation [ 24 – 26 ]. A transverse link 
is more effective if placed in the proximal part of 
the construct than if placed distally. Two trans-
verse links show increased torsional stiffness than 
one transverse link especially in longer constructs.  

    Methods of Increasing the Stiffness 
of the Pedicle Screw Construct 

 When posterior instrumentation with pedicle 
screws is performed on an unstable spine with 

Neurocentral junction

  Fig. 33.2    Neurocentral junction       
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an anterior column defect, the lack of normal 
anterior support signifi cantly reduces the fl exion/
extension and torsional stiffness of the pedicle 
screw construct even when a very rigid implant is 
used [ 27 ,  28 ]. In this situation the stability of the 
pedicle screw construct may be enhanced by res-
toration of the anterior defect, by expanding the 
level of instrumentation, or by the use of more 
rigid external immobilization postoperatively   

    Treatment Considerations 
and Indications 

 The ultimate goals of treatment for a spinal frac-
ture are restoration of the neurologic and the 
mechanical stability of the injured spine with 
minimal sacrifi ce of motion segments. This 
same principle applies to the pedicle screw fi xa-
tion. When restoration of the spinal stability 
with pedicle screw fi xation is contemplated for 
a thoracic or thoracolumbar burst fracture, both 
the neurologic and the mechanical aspects need 
to be considered before fi nally deciding on the 
combination of available surgical techniques to 
successfully accomplish the goals. 

 As regards biomechanical aspects, the degree 
of vertebral body comminution and the magni-
tude of local kyphotic deformity are the major 
determinants. Though modern biomechanics 
understand the intact spine as a tricolumnar 
structure composed of anterior, middle, and the 
posterior column, the biomechanics concerning 
the surgical reconstruction of a burst fracture 
considers the spine basically as a bicolumnar 
structure, composed of an anterior weight- 
bearing column and the posterior tension col-
umn, whose stability is essentially dependent 
on the competence of the anterior column. This 
means that when there is residual, unattended 
incompetence of the anterior column, the spine 
will continue to be unstable and is ultimately 
doomed to fail under repeated loading. This 
fact is to be always kept in mind in all poste-
rior instrumentation and fusions for thoracic and 
thoracolumbar burst fractures, including pedicle 
screw fi xation, which inherent y restores or rein-

forces the posterior column but leaves the essen-
tial anterior column untouched, relying for its 
restoration on the bony healing of the fractured 
vertebral body The essence of the advantage 
offered by rigid fi xation with pedicle screw fi xa-
tion lies in the fact that the fractured vertebral 
body is more effectively protected from the det-
rimental forces until the fracture union occurs 
and becomes stable under physiologic loads. 
By the same token, when the anterior column 
incompetence is so severe that it is not expected 
to become a competent weight-bearing structure 
by itself, a deliberate restoration of the anterior 
column is warranted. When a signifi cant local 
kyphosis or comminution of the vertebral body 
is present, a mere posterior reduction and stabi-
lization with pedicle screw fi xation will create 
an anterior unsupported gap. In the presence of 
such a gap, the posterior constructs are destined 
to fail, however stiff they may be, not being able 
to withstand the fl exion moment concentrated 
at the fracture site devoid of the anterior load 
sharing structural support [ 27 ,  28 ]. in these situ-
ations, elimination of the anterior defect either 
by restoration of the anterior column or by 
shortening of the posterior column is warranted. 
Anterior column reconstruction may be done by 
an interbody fusion via an anterior or a posterior 
route, or transpedicular bone grafts. 

    Posterior Pedicle Screw Fixation 

 Pedicle screw fi xation is applicable and is indi-
cated in all thoracic and thoracolumbar burst 
fractures in which a posterior fi xation and fusion 
is under consideration. Since it offers a rigid fi xa-
tion with enhanced segmental control, it is more 
advantageous than hooks and other nonpedicle 
fi xation devices in the aspect that it offers a bet-
ter restoration of the spinal sagittal contour and 
makes a shorter fusion feasible, saving more 
motion segments [ 29 ]. Moreover, as pedicle 
screw fi xation offers a more reliable fi xation in 
the osteoporotic spine and in vertebra with previ-
ous laminectomy, they are particularly advanta-
geous in these situations. 
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 Though there are still questions about the 
safety of pedicle screws in the thoracic and tho-
racolumbar region, when correctly placed in the 
pedicles, the screws stay out of the spinal canal 
and remain insulated from the neural elements by 
the surrounding pedicular bone, precluding neu-
rologic derangement by the device. The authors 
have been using pedicle screws in the thoracic 
spine since 1988 in thousands of patients with 
various conditions including the most severe 
deformities and revision surgeries, inserting 
probably more than 20,000 screws. Yet, there was 
not a single major neurologic or visceral compli-
cation attributable to the pedicle screw fi xation 
per se and the authors believe the procedure to 
be perfectly safe when performed with a sound 
technique [ 5 ,  30 – 32 ] 

 The indications of a simple posterior stabiliza-
tion with pedicle screw fi xations in thoracic and 
thoracolumbar burst fractures are: 

 Cord level fractures with complete paraple-
gia: Since saving the motion segments is not 
a crucial problem in this situation, a lengthy 
fusion with pedicle screws which increases the 
stiffness of the construct is a suitable choice as it 
allows an early mobilization without an external 
support. 

 Unstable burst fractures without neurologic 
compromise when they satisfy all of the following

   Spinal canal encroachment <60 % on axial CT 
or MRI.  

  Local kyphosis <5O degrees.  
  Without signifi cant comminution of the vertebral 

body  
  Fracture less than 72 h old.    

 As these fractures will heal eventually to offer 
an anterior support, a mere posterior ligamento-
taxis and protection from the detrimental forces 
will suffi ce (Fig.  33.3a–g ).

   Fractures with neurologic compromise when 
they satisfy all of the following.

   Spinal canal encroachment <40 % on axial CT 
or MRI.  

  Local kyphosis <50°.  

  Without signifi cant comminution of the vertebral 
body.  

  Fracture less than 72 h old.    

 In these fractures, a posterior ligamento-
taxis may be tried. When there is no neurologic 
improvement, an additional direct decompression 
of the neural element is necessary (Fig.  33.4a–h ).

   Established post-burst fracture kyphosis 
of less than 50°without signifi cant neurologic 
compromise: Though the correction of kyphotic 
deformity is negligible, most patients do well 
without further progression of the deformity. 

 Senile burst fractures with pain and pro-
gressive deformity without signifi cant neuro-
logic compromise: These osteoporotic burst 
fractures are best stabilized with a pedicle 
screw fi xation as the pedicles are affected less 
by the osteoporosis than the laminae. As most 
of these fractures are without signifi cant canal 
compromise, an in situ stabilization is usually 
suffi cient.  

    Posterior Pedicle Screw Fixation 
with an Anterior Column 
Reconstruction 

 In pedicle screw fi xation, an additional anterior 
column reconstruction is indicated when there is 
signifi cant anterior column incompetence which 
is not expected to heal suffi ciently to function 
as a stable, weight-bearing structure as in frac-
tures with signifi cant kyphosis, severe vertebral 
body comminution, and following a corpectomy 
procedure for direct decompression of the neu-
ral elements. Though some favor an anterior 
stabilization and fusion in these situations, we 
believe a combined anterior and posterior col-
umn reconstruction with posterior pedicle screw 
fi xation has several advantages over the anterior 
instrumentation/fusion only [ 33 ]. They are: 1) 
Better restoration of spinal alignment. When the 
kyphosis is severe, it is easier to restore a physi-
ologic sagittal profi le with a posterior pedicle 
screw fi xation than with an anterior instrument. 
2) More reliable rigid fi xation. In osteoporotic 
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  Fig. 33.3    ( a, b ) A 50-year-old female with L1 unstable 
burst fracture. There was a 20° kyphotic deformity at the 
thoracolumbar junction. ( c ) Preoperative CT show 40 % 
canal encroachment. ( d, e ) She was treated by posterior 

fusion with pedicle screw fi xation from T11 to L2. 
Postoperatively kyphosis was corrected to 10°. ( f ) 
Postoperative CT show canal encroachment reduced to 
10 %. ( g ) Ligamentotaxis         
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  Fig. 33.4    ( a, b ) A 32-year-old female with L1 unstable 
burst fracture at vertebra. Preoperative neurology was 
intact except for bowel and bladder control. There was a 
30° kyphotic deformity at the thoracolumbar junction. ( c ) 
Preoperative CT show 60 % canal encroachment. ( d ,  e ) 
She was treated by the posterior fusion with pedicle screw 
fi xation from T11 to L2. Following surgery, kyphosis was 

corrected to 12°. ( f ) Postoperative CT show canal 
encroachment reduced to 20 %, but she had no neurologic 
improvement. ( g–h ) One week later after the posterior 
surgery, anterior decompression was carried out. 
Following the anterior surgery, her bladder control 
improved. Postoperative 1-year-follow-up radiographs 
show satisfactory maintenance of reduction           
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patients, the pedicle screw fi xation offers more 
reliable fi xation than the anterior instruments 
holding the osteoporotic vertebral bodies. 3) 
increased versatility Pedicle screw fi xation 
offers a rigid fi xation in locations where ante-
rior instrumentation is diffi cult or needs exten-
sive dissection (e.g., cervicothoracic junction). 
Though an anterior column reconstruction is 
more commonly performed through an ante-
rior approach, a reliable anterior column recon-
struction is also feasible from the posterior, by 
transpedicular bone grafting [ 34 ], by interbody 
fusion using the costotransversectomy approach 
[ 35 ], or using a modifi ed egg-shell procedure 
[ 36 ]. In the former, cancellous chip grafts are 
added into the fractured vertebral body and the 
damaged disc space through the pedicles of the 
fractured vertebra using a narrow funnel. In the 
latter, the anterior column may be supported by 

a structural graft or by  autogenous cancellous 
graft tightly packed into the void in the ante-
rior column. When local kyphosis is severe, a 
type of posterior closing wedge  osteotomy may 
be  performed through the posterior approach 
to obliterate the anterior unsupported gap. The 
advantage of the anterior column reconstruction 
front the posterior in conjunction with pedicle 
screw fi xation is the feasibility of a global fusion 
through a single approach, saving the operative 
time and reducing the morbidity of an anterior 
thoracotomy or thoracolumbotomy [ 33 ]. It also 
permits a direct exploration and repair of the 
associated dural tear or nerve root entrapment. 
Its disadvantage is destruction of the relatively 
intact posterior column, reducing the posterior 
fusion base. However, this drawback may be 
overcome by one of the  following  methods; 1) 
Saving the lamina and pedicle on one side. 2) 

g h
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By adding a bridging bone graft. 3) By short-
ening the entire posterior column to achieve a 
bony contact between the two laminae above 
and below the laminectomy. 

 The indications for posterior stabilization with 
anterior column reconstruction are; 

 Presence of a neurologic defi cit necessitating 
a formal decompression of the neural tissue:

   Spinal canal encroachment more than 60 %.  
  Failure of the indirect decompression by 

ligamentotaxis  
  Fractures more these 72 h old.  
  Local kyphosis greater than 50°  
  Signifi cant comminution of the vertebral body.    

 Established post-burst fracture kyphosis greater 
than 50° (Posterior or anterior fusion alone in this 
situation is more prone to failure and should be 
treated by a global fusion.) (Fig.  33.5a–f ).

        Surgical Techniques 

    Presurgical Considerations 

    Anesthesia 
 For a posterior stabilization with pedicle screw 
fi xation, a general anesthesia with a full monitor-
ing of vital signs including the arterial and the 
central venous pressure is prefreed. As an anterior 
column reconstruction is often accompanied by a 
substantial amount of bleeding from the epidural 
vein and the cancellous bone of the fractured ver-
tebral body, securing a large- bore central venous 
channel is highly recommended. Hypotensive 
anesthesia is especially helpful in cases where 
anterior column reconstruction is considered. 
When intraoperative-evoked potential monitor-
ing is contemplated, intravenous anesthesia with 
fentanyl and propopol is preferable to inhalation 
anesthesia as they affect monitoring less severely 
than the latter: However intravenous anesthetics 
require a substantially longer time for recovery 
than inhalation anesthetics and may even require 
several hours of ventilator care in the recovery 
room.  

    Intraoperative Monitoring 
 As we have never had a major neurologic com-
plication related to the pedicle screw placement 
and are perfectly confi dent of the safety, we do 
mat use intraoperative neurophysiologic moni-
toring except in cases in which the spinal cord is 
directly exposed. However, intraoperative moni-
toring of the neurologic function r5 a valuable 
aid to ensure the safety of the procedure and for 
keeping a record for possible medicolegal prob-
lems [ 37 ,  38 ]. Although the wake-up test is a reli-
able monitoring method, we prefer motor-evoked 
potential or somatosensary-evoked potential, 
which can be more conveniently performed with-
out extending the operative time [ 39 ].  

    Positioning 
 The ideal position for a pedicle screw fi xation 
is the standard prone position with the abdomen 
hung free by means of a pad, four posters, or a 
special surgical frame to reduce venous bleeding. 
The operating table should be X-ray penetrable 
to allow the intraoperative postero-anterior roent-
genogram. When posterior column shortening is 
contemplated, care should to taken to place the 
osteotomy site over the hinge of the operating 
table so that closure of the posterior gap created 
by the osteotomy may be aided by extension of 
the operating table. For this procedure, we pre-
fer to use roll pads which are fl exible enough to 
allow extension of the spinal column with the 
table extension.  

    Fusion/lnstrumentation Extent 
 The instrumentation and fusion should be long 
enough to offer adequate rigidity of the internal 
fi xation but should be minimized to that abso-
lutely necessary to save as many motion seg-
ments as possible especially when the fusion is 
extended into the lumbar spine. Pedicle screws, 
which enable rigid fi xation, are especially helpful 
for this purpose. We prefer to fuse all the levels 
instrumented as the “rod-long, fuse-short” tech-
nique of long instrumentation and short fusion 
not only infl icts more extensive soft tissue dam-
age and increases the risk of damaging healthy 
joints but also causes degeneration of the articu-
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lar cartilage of the unfused, immobilized facet 
joints within the instrumented extent. In thoracol-
mrbar burst fractures, we prefer to fuse two levels 
proximal and one level distal to the fractured ver-

tebra, securing four and two fi xation points prox-
imal and distal to the fracture both for a simple 
posterior stabilization and posterior stabilization 
with anterior column reconstruction. The reason 

  Fig. 33.5    ( a ,  b ) A 68-year-old male with a post-traumatic 
kyphosis and cauda equina syndrome. One and half years 
prior to the visit, he sustained a burst fracture which was 
treated by posterior decompression and fusion. ( c ) 
Preoperative MRI show local kyphosis with canal 

encroachment. ( d ,  e ) He was treated by the posterior ver-
tebral column resection at L1 and fused from T11 to L2. 
Postoperative one-year-follow-up radiographs show satis-
factory maintenance of sagittal balance. ( f ) Posterior ver-
tebral column resection         
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for extending two levels higher into the thoracic 
spine is to increase the stiffness of the construct 
with minimum sacrifi ce of the valuable lumbar 
motion segments.  

    Choice of Implants 
 For pedicle screw instrumentation of the tho-
racic spine, pedicle screws of smaller diameter 

than the usual lumbar screws may be necessary. 
For average-sized adults, 6 mm screws are usu-
ally suffi cient as the thoracic pedicles are large 
enough. For children and smaller-sized adults 
whose pedicles are smaller, 4.0 mm screws are 
advisable in the upper thoracic spine (T 4, 5, 6) 
where the pedicles are smallest. Concerning the 
shape of the screws, cylindrical screws are as 
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effective as conical screws in patients with nor-
mal bone quality [ 40 ]. However, as the fi xation 
strength of conical screws is affected by the mass 
of the cancellous bone, cylindrical screws may 
be better for internal fi xation of the osteoporotic 
spine. In patients with a signifi cant local kyphotic 
deformity or when posterior column shortening 
is contemplated, use of long- arm or reduction 
screws may be helpful in gradually correcting the 
deformity [ 41 ,  42 ] (Fig.  33.6a, b ).

   Between the pedicle screw-plate and pedicle 
screw-rod systems, we prefer the rod system as 
they are easier to contour to the normal sagittal 
contour and allow more room for insertion of 
the bone grafts [ 43 ]. Among the many designs 
of pedicle screw-rod systems, we prefer the top 
open design similar to the Cotrel-Doubousset, 
Synergy, and the Diapason system as it is easier 
to connect the rod to the top open screws than 
to a side-attaching system. However, we believe 
the training and the experience of the surgeons 
are the most important factors in the choice of 
implants and strongly recommend using the 
instruments most familiar to the operating staff. 

 Though there is little difference in the clinical 
performance as to the metallurgy of the implants, 

we recommend the use of implants made of tita-
nium in case a postoperative imaging of the spi-
nal canal is needed.    

    Posterior Pedicle Screw Fixation 

    Incision and Exposure 

 As the pedicle screw instrumentation needs a 
wide exposure to the tip of the transverse pro-
cess, the incision should be large enough to 
avoid excessive retraction on the paraspinal 
muscles to prevent myonecrosis. For a thoracic 
fracture, the usual incision spans from the upper 
end of the spinous process two levels above the 
 uppermost pedicle instrumented in the thoracic 
spine to the lower end of the lamina of the lowest 
 instrumented vertebra. It is advisable to take an 
intraoperative roentgenogram to confi rm the spi-
nal levels in the course of the exposure to prevent 
errors of operating on wrong levels. 

 The spine is exposed in a standard fashion 
with an electric knife, staying strictly subperi-
osteal to reduce bleeding. The vertebrae instru-
mented are exposed to the tip of the transverse 
processes bilaterally. Care should be taken not to 
disturb the facets adjacent to the uppermost pedi-
cles instrumented during the exposure as damage 
to the facets may result in postoperative pain and 
late instability. On completion of the exposure, 
the facets within the intended fusion extent are 
destroyed by inferior facetectomy with thorough 
removal of the articular cartilage to promote intra-
articular arthrodesis. After the facet preparation, 
pedicle fi xation is begun by preparation of the 
pedicle entry sites. In the thoracic spine, the ped-
icle entry point is at the junction of the superior 
margin of the transverse process and the lamina 
(Fig.  33.7a, b ). In the lumbar spine, the point is 
at the junction of a line drawn through the middle 
of the transverse process and the lateral margin of 
the facet joint (Fig.  33.8a, b ). The  presumed entry 
sites are decorticated with a rongeur to expose 
the cancellous bone overlying the pedicles to 
facilitate insertion of the guide pins for the pedi-
cle screws. In the lumbar spine, in addition to the 
entry sites, transverse processes and the  lateral 

a b

  Fig. 33.6    ( a ) Ordinary screw. ( b ) Long arm screw       
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aspect of the facet joints are decorticated at the 
same time. They are to be decorticated before the 
insertion of the pedicle screws as it is diffi cult 
to perform a reliable decortication in these bone 
bases with the screws in place. Decortication of 
the lumbar transverse processes should be started 
from the tip towards the base as decortication 
weakens this very weak bony process. Taking the 
reverse direction often results in fracture of the 
transverse process, reducing the bone base avail-
able for lateral intertransverse fusion. We prefer 
to insert pedicle screws even in the fractured ver-
tebra for a simple posterior fusion as such seg-
mental instrumentation increases the stiffness of 
the pedicle screw construct. However, as there is 
always a possibility of residual neurologic com-
promise that might need a direct decompression 
of the neural elements, we put a short screw that 
passes just a few screw turns into the pedicle 
on one side of the fractured vertebra so that the 
pedicle screws do not become an obstacle for an 
anterior decompression and reconstruction. For 
fractures subjected to an anterior column recon-
struction from the posterior, we do not put pedicle 

screws in the fractured vertebra as  corpectomy 
and reconstruction becomes very diffi cult with 
the screws in the pedicles.

        Pedicle Screw Insertion 

 Following the preparation of the entry sites the 
pedicle screws are inserted segmentally into the 
vertebrae within the fusion extent in the follow-
ing manner. 

  Step 1: Insertion of the guide pins     Guide pins, 
about 15 cm long, made from K-wires are inserted 
shallowly into the exposed cancellous bone at 
the presumed pedicle entry point by means of a 
mallet. To facilitate interpretation of the relative 
position of the guide pin tips on the intraoperative 
roentgenograms, the guide pins are directed along 
the axis of the pedicle in the frontal and the sagittal 
planes. Following insertion of guide pins on one 
side, guide pins of a different diameter are inserted 
on the opposite side pedicles to avoid confusion in 
reading the intraoperative roentgenogram.  

a b

  Fig. 33.8    Pedicle entrance point in lumbar spine ( a ) 
Antero-posterior view. ( b ) Lateral view (Redrawn from 
Roy-Camille et al. [ 28 ])       

a

b

  Fig. 33.7    Pedicle entrance point in thoracic spine ( a ) 
Antero-posterior view. ( b ) Lateral view (Redrawn from 
Roy-Camille et al. [ 28 ])       
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  Step 2: Confi rming the entry point and screw 
direction     With the guide pins placed in the pre-
sumed entry points, intraoperative PA and lateral 
roentgenograms are taken to determine the rela-
tionship between the presumed entry point and the 
ideal entry point identifi able on the X-ray, and to 
determine the direction of the screws. Considering 
the transverse angle of the pedicles in the thoracic 
and thoracolumbar spine, the ideal pedicle entry 
point (IPEP) in a neutrally rotated vertebra is at 
the junction of the line parallel to the lower or 
upper end plate bisecting the pedicle and the lat-
eral margin of the pedicle ring shadow on a PA 
fi lm (Fig.  33.9a, b ). In rotated vertebrae, as found 
in scoliosis, the pedicle on the side of the rotation 
assumes a more medial position than neutrally 
rotated vertebra relative to the lateral border of the 
vertebra, whilst the opposite side pedicle becomes 
relatively more laterally  situated. Naturally, the 
IPEP on the rotated side (convex side in scoliosis) 
moves more medially while the IPEP of the oppo-
site side (concave side in scoliosis) moves more 
laterally with increasing amount of rotation.

    On the lateral view, the IPEP is situated at the 
junction of the line passing through the axis of 
the pedicle and the posterior border of the facet 
joints. Screw direction is determined on the lat-
eral X-ray. Ideally, it should be along the axis 
of the pedicle, sloping about 10° cranially in the 
thoracic and the upper lumbar spine. However, 
in clinical practice, insertion of the screws par-
allel to the superior end plate of the vertebra is 
preferable to prevent possible penetration of the 
pedicle screws into the disc space superior to the 
instrumented vertebra. 

  Step 3: Pedicle entry     After determining the 
ideal pedicle entry point and the direction, the 
entry hole is made with an awl, and the hole is 
 deepened with a small diameter drill or a small 
curette, taking into considerations the normal 
transverse angle of the pedicles for the particu-
lar level. After passing the pedicle, the drill or 
curette meets some resistance as it traverses the 
dense sheet of bone in the neurocentral junction. 
Over the past several years, various methods of 

a b

  Fig. 33.9    Intraoperative roentgenogram. ( a ) PA roentgenogram. ( b ) Lateral roentgenogram       
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confi rming a safe passage through the pedicles 
have been introduced. Probing, arthroscopic 
examination of the hole by inserting a narrow 
scope into the hole [ 44 ], measuring the electrical 
resistance by means of an electrode placed in the 
hole [ 45 ], and measuring the electrical resistance 
of the inserted screws are among many methods. 
We use probing to check the entry as a minor 
pedicular cortical breakage that might occur 
 during pedicle entry does not signifi cantly affect 
the safety or the strength of  fi xation of a pedicle 
screw. A safe entry is confi rmed when the probe 
hole is globally surrounded by bone and meets 
resistance in all directions, especially when there 
is a feeling of the spongy cancellous bone giving 
way to the pressure exerted by the probe at the far 
end of the hole.  

  Step 4: Hole preparation     Deep drilling is per 
formed following the probe path using a drill bit 
with a diameter the same as the minor diameter 
of the screw used. When there is a large discrep-
ancy between the sizes of the pilot drill/curette and 
the fi nal drill, the hole is enlarged by using larger 
diameter drills sequentially. We do not usually tap 
the hole, but for some implants, tapping of the hole 
prior to insertion of the screws may be necessary.  

  Step 5: Screw insertion     The screw is inserted 
after reconfi rming the bony containment of the 
drilled screw hole with a blunt probe. When start-
ing to insert the screw, it is absolutely necessary 
to turn the screw with a very gentle force so that 
the screw follows the predrilled path. Undue force 
at the beginning may misdirect the screws in the 
wrong direction especially in the osteoporotic 
spine where cortical bone is very weak and offers 
little resistance. When inserting the screws, the 
general alignment and depth of the screws should 
be taken into consideration as misaligned screws 
make rod attachment extremely diffi cult. When a 
screw seems strangely out of alignment compared 
to other screws, most probably the screw is not in 
the pedicle properly. When the screws are not in 
the pedicles, they are not only useless as reliable 
anchors but also very dangerous, being in proxim-
ity with the neural elements medially and inferi-
orly and the great vessels anteriorly. This requires 
re-placing the mispositioned screw exactly in 

the pedicles. If this is not possible, it is much 
safer to remove the screws than accept a poten-
tially hazardous screw without any function. The 
depth of the screws are also very important as it 
is extremely diffi cult to attach a rod to the screws 
when there is a large discrepancy. As turning the 
screw backwards increases the risk of screw loos-
ening, the screws should be inserted a little shal-
lowly at fi rst and then adjusted after completion 
of screw insertion on the particular side.   

    Rod Insertion 

 Following the segmental screw insertion, the 
rods are attached to the screws. The rod should 
be long enough to allow reliable locking with the 
screws at both ends of the construct but not long 
enough to touch the unfused adjacent facet joints 
or hinder the motion of the unfused segments. 
The rod is contoured to the normal sagittal con-
tour of the segments instrumented. Though the 
thoracolumbar junction is relatively fl at, we pre-
fer to add a slightly exaggerated sagittal curve to 
prevent potential junctional kyphosis.  

    Ligamentotaxis 

 After placing the rods on both sides, ligamento-
taxis is routinely performed to reduce the fracture 
fragments. In patients without a signifi cant facet 
joint instability, the facet joints act as a fulcrum 
and the compression force over the fracture site 
via the pedicle screws attached to the normal sagit-
tal contoured rod generates distractive force on the 
anterior column, effecting some reduction of the 
fractured fragments by tension in the longitudinal 
ligaments and the outer annulus. When there is sig-
nifi cant facet joint destruction, the facet joints are 
unable to act as a fulcrum to the posterior compres-
sion force and the whole fractured vertebra may 
collapse under a compressive force, with risk of 
worsening the canal encroachment. In this situa-
tion, the pedicle screws are locked in situ over the 
fractured segment with some compression over the 
relatively intact segments. Though some advocate 
distraction over the fracture site for reduction of 
the fracture fragments in this situation, we believe 
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distraction in the presence of a signifi cant facet 
instability will lengthen the spinal column, produc-
ing an unsupported gap which increases the risk of 
implant failure: we are strongly against this idea. 

 With all the screws tightened, an intraopera-
tive lateral roentgenogram is taken to confi rm the 
restoration of the normal sagittal contour. When 
the result is acceptable, the rods are connected 
by cross links. On completion of the instrumen-
tation, posterior fusion is carried out after a wide 
decortication of the laminae and addition of the 
local bone gained during the operative proce-
dure. When the amount of the local bone is not 
suffi cient, allograft is added to expand the graft 
volume. The wooed is then closed tightly in the 
usual manner after careful hemostasis. Suction 
drains are not used as they only increase postop-
erative bleeding.   

    Posterior Pedicle Screw Fixation 
with Anterior Column 
Reconstruction 

    Posterior Pedicle Screw Fixation 
with Anterior Decompression/
Stabilization 

 For cases for anterior decompression and fusion 
through an additional anterior approach, the pos-
terior procedure is identical to the simple poste-
rior stabilization. On completion of the posterior 
procedure, the anterior procedure is carried out. 
It may be done in the same anesthesia or later as 
a staged surgery in the usual patient, we prefer 
to do the anterior surgery in the same anesthesia 
as it reduces the morbidity of repeated anesthesia 
and the duration of the hospital stay.  

    Posterior Pedicle Screw Fixation 
with Transpedicular Bone Graft 

 When transpediular bone graft is chosen for the 
anterior reconstruction, a pedicle in the fractured 
vertebral body is used to place the autogenous 
cancellous bone graft into the fractured vertebral 
body and the damaged disk space. After plac-
ing the bone grafts, a pedicle screw is inserted 

into the hole used for the bone graft and poste-
rior fi xation procedure is carried out in the usual 
manner.  

    Posterior Pedicle Screw Fixation 
with Corpectomy/Anterior Column 
Reconstruction via the Posterior 
Approach (Posterior Vertebral 
Column Resection) 

 The procedure [ 42 ] is identical to the posterior 
pedicle screw fi xation until the pedicle screw 
insertion stage except that pedicle screws are not 
inserted into the fractured vertebral body. Then 
the procedure is carried out as described below. 

  Step 1: Laminectomy     A total laminectomy of the 
fractured vertebra is performed using a small- bore 
Kerrison punch. The laminectomy should be very 
careful especially in patients with a lamina frac-
ture as there might be entrapment of the neural 
elements between the fracture fragments. When 
dural laceration is present it is repaired primar-
ily or with a dural graft. The ligamentum fl avum 
beneath the adjacent superior and inferior lami-
nae also removed during the procedure to prevent 
compression of the neural elements which might 
occur with shortening of the vertebral column.  

  Step 2: Foraminotomy     The bony roof of neural 
foramina suoperior and inferior to the pedicles of 
the fractured vertebra is removed totally with a 
Kerrison punch to fully expose the exiting nerve 
roots. In the thoracic spine, opening up the supe-
rior foramina should be accompanied by complete 
removal of the superior articular facet that.lies 
deep to the lamina of the superior adjacent verte-
bra as leaving a loose bony fragment in the spinal 
canal may increase the risk of neurologic compro-
mise with shortening of the vertebral column.  

  Step 3: Transverse process/rib resection     To iso-
late the pedicles, an osteotomy is performed at the 
bases of the transverse process of the fractured 
vertebra. With a blunt elevator in the osteotomy 
site and dissecting downward, the lateral aspect 
of the pedicle and the vertebral body is readily 
exposed in the lumbar spine. In the thoracic spine, 
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the osteotomy leads to the costotransverse joint. 
To expose the lateral aspect of the vertebral body, 
the rib head is removed totally by an osteotomy at 
the costotrarsverse junction and disarticulation of 
the costovertebral joint. In removing the rib, care 
should be taken not to injure the pleura. When the 
pleura is inadvertently opened, it is to be closed.  

  Step 4: Pedicle resection     With the pedicles iso-
lated, the pedicles are resected with a narrow 
osteotome making a circumferential osteotomy 
around the base of the pedicles taking care not to 
injure the exiting nerve roots above and below. The 
resected pedicles are taken gently out, releasing 
the soft tissue attachments with a Penfi eld freer.  

  Step 5: Corpectomy     Corpectomy is begun by 
removing the cancellous bone of the fractured 
vertebra body through the base of the resected 
pedicles with an angled curette. When enough 
cancellous bone is removed through the pedicles 
from both sides, the channel created will meet 
at the center forming a tunnel with the poste-
rior wall of the vertebral body as the roof. The 
tunnel is enlarged by removing more cancel-
lous bone anterior and laterally, leaving only 
the cortical portion of the vertebral body like an 
 eggshell. At this point, a short rod is connected 
to the screws spanning the fracture site to endow 
temporary stability to the vertebral column. This 
temporary stabilization is extremely important 
as the spine becomes very unstable after the 
destruction of the cortical shell and inadvertent 
translation of the vertebral column may occur. 
Following this temporary stabilization, the 
remaining posterior wall is imploded into the 
void created in the vertebral body by means of 
a downward curette and removed by means of 
a pituitary forcep. After removing the posterior 
wall, the damaged endplate and the intervertebral 
disc is resected with an osteotome and pituitary 
forceps until the endplate of the adjacent verte-
bral is exposed. It is crucial to excise the dam-
aged disk as the fractured fragments usually have 
some attachment to the annulus fi brosus and can-
not be completely removed without a formal dis-
cectomy. When superior and inferior endplates 
are both damaged, both endplates and the disks 
are resected to expose a reliable bone base for 

fusion. In patients with signifi cant kyphosis in 
whom posterior column shortening osteotomy is 
planned, the remaining lateral walls of the sub-
ject vertebra are resected by means of a narrow 
osteotome.  

  Step 6: Anterior column reconstruction     The 
anterior column reconstruction may be done 
by tightly packing the autogenous iliac cancel-
lous chip grafts or by insertion of a structural 
graft such as an autogenous iliac strut graft or 
a titanium mesh cylinder. When the anterior 
gap is small as in posterior column shortening 
osteotomy,we just pack the gap tightly with can-
cellous chips. When the gap between the superior 
and inferior bone base is substantial, we prefer a 
titanium mesh fi lled with morcellized autogenous 
bone from the vertebral body and the iliac crest as 
taking a strut from the posterior iliac crest is more 
diffi cult than from the anterior. After measuring 
the size of the bone defect, an appropriate-sized 
titanium mesh is inserted into the gap. When the 
nerve roots are in the way, in the thoracic spine 
we choose to sacrifi ce a nerve root rather than 
retracting it as a thoracic root is not crucial and 
retraction of a nerve root may exert tension on 
the spinal cord. However, in the lumbar spine, 
as all roots are very important, they are retracted 
gently to provide room for the mesh. The mesh is 
impacted deeply into the gap, ideally to rest in the 
anterior and middle third of the vertebral body. It 
is important to place the structural support ante-
rior to the vertebral axis of rotation to effectively 
resist the fl exion moment. On completion of the 
procedure, rods contoured to the desired sagittal 
contour of the instrumented segments are inserted 
into the opposite side screws. Then the screws are 
locked with compression over the mesh. With the 
rod locked in position, the temporary stabilizing 
rod is changed to a contoured longer rod and is 
inserted onto the screws. These are also locked in 
position with compression over the mesh cylinder.  

 When anterior reconstruction is complete, an 
intraoperative PA and lateral roentgenogram is 
taken to confi rm the position of the mesh cylinder. 
With an acceptable spinal realignment and mesh 
position, cancellous chips are added beside the 
mesh cylinder and are tightly packed in position. 
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 Following decortication of the posterior ele-
ments, a posterior fusion is performed using a 
broad sheet of cortical bone from the iliac crest 
to bridge the posterior defect. Then the wound is 
closed in the usual manner over double suction 
drains.   

    Posterior Pedicle Screw Fixation 
with Augmentation Vertebroplasty 

 In severely osteoporotic fractures, polymeth-
ylmethacrylate vertebroplasty may be used to 
restore the deranged anterior column. The verte-
broplasty is performed exactly like the procedure 
performed for an osteoporotic compression frac-
ture, through the pedicles of the fractured ver-
tebrae before the pedicle screw instrumentation 
procedure. Care should be taken for posterior 
leakage of the bone cement as posterior wall is 
often incompetent in osteoporotic burst fractures. 
Pedicle screw instrumentation is commenced 
after full consolidation of the bone cement. 
Pedicle screws are not inserted into the fractured 
vertebrae subject to vertebroplasty at least on 
one side, to secure the access to the spinal canal 
should there be a necessity to perform an anterior 
neural decompression. Anterior decompression 
may be necessary for situations such as poste-
rior leakage of bone cement causing neurologic 
compromise, retropulsion of the bony fragment 
or bone cement fragments. The retropulsion of 
the cement is caused by collapse of the fractured 
vertebrae and is invariably associated with failure 
of fracture stabilization[ 46 ]. 

    Aftertreatment 

 For both the sample posterior stabilization and 
the posterior stabilization with an anterior col-
umn reconstruction, the patient is allowed to 
sit with bed elevation on the fi rst postoperative 
day. Ambulation is started on the second or third 
postoperative day with a custom-made TLSO, 
which is to be kept for 3 months. The patients are 
allowed to perform daily activities with the brace 
and are sent back to work by the fi rst postopera-
tive month.  

    Complications 

 Pedicle screw fi xation is a safe procedure with 
very few complications when performed prop-
erly [ 32 ]. However, potential complications such 
as the following may occur. 

 Neurologic complications; may be caused by 
misplaced pedicle screws. However, complica-
tions related to pedicle screws may be prevented 
by strictly adhering to the proper technique pre-
viously described. Of more than 10,000 pedicle 
screw placed in the thoracic spine, we did not 
have a single major complication attributable to 
the pedicle screw placement. 

 Bleeding; vascular injury due to misplaced 
screws are extremely rare and are preventable 
by strictly adhering to the proper screw insertion 
technique.      
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      Effi cacy and Safety 
of an Absorbable Cervical Cage 
with and Without Plating: 
A Multicenter Case Study                     

     Louis     Boissiere     ,     Benoît     de     Germay     , 
    Stephane     Aunoble     , and     Jean-Charles     Le     Huec     

       Traumatic lesions and degenerative diseases of 
the cervical spine can effi ciently be treated by 
means of anterior interbody fusion for restoring 
stability and preventing neurological lesions [ 1 –
 5 ]. Spinal angulation, recurrent ipsilateral or con-
tralateral compression of the nerve root caused 
by collapse of the disc space or increased postop-
erative neck and scapular pain, can be observed 
with anterior cervical discectomy without fusion 
[ 3 ,  4 ]. 

 On the other hand, fusion with autograft is 
associated with signifi cant morbidity at the iliac 
crest donor site, and increases the duration and 
risk of surgery [ 6 ]. Cages fi lled or not with a 
block of synthetic calcium phosphate ceramic 
material, have proven to be a safe alternative to 
the use of autograft, providing reliable fusion and 

preservation of the initial vertebral alignment 
[ 6 – 13 ]. 

 Implanting such a device leads to let a foreign 
body in place, and the idea was to develop an 
absorbable cage that would allow for facilitating 
further explorations [ 15 – 31 ]. We have recently 
developed an absorbable interbody fusion cage 
with promising preliminary clinical results [ 32 ]. 
The objective of the present study is to evaluate 
the results of an absorbable composite cervical 
cage (TCP/PLLA) in anterior cervical discec-
tomy and fusion (ACDF) on a larger series. 

    Methods 

    Participants 

 We undertook a prospective case study at two 
sites between February 2007, and June 2010. 
Patients were eligible for enrolment if they had 
traumatic or degenerative soft disc herniation 
from C2 to T1, foraminal stenosis, cervical spinal 
stenosis or spondylosis of the lower cervical 
spine (C2-T1). There were 59.6 % of males and 
40.4 % of female patients. Mean age was 
48.0 years (range, 18–83 years). 

 Surgery concerned one level in 78.7 % of the 
patients, two levels in 19.1 % and three levels in 
2.2 %. 110 levels were involved, and all of the 
patients with multiple levels were operated on at 
adjacent vertebrae levels. The clinical data of the 

        L.   Boissiere ,  MD    •    S.   Aunoble ,  MD    
  Department of Orthopedic and Traumatology 
Spine Surgery ,  Hopital Pellegrin ,   Bordeaux ,  France     

    B.   de   Germay ,  MD    
  Department of Neurosurgery ,  Clinique de l’Union , 
  Toulouse ,  France     

    J.-C.   Le   Huec ,  MD, PhD      (*) 
  Ortho-Spine Department, Surgical Research 
Laboratory ,  Bordeaux University Hospital , 
  Bordeaux ,  France   
 e-mail: j-c.lehuec@u-bordeaux2.fr  

  34

mailto:j-c.lehuec@u-bordeaux2.fr


430

operated patients are summarized in (Tables  34.1  
and  34.2 ). There were 17.6 % of the patients 
operated on at two levels for which additional 
plating was not used.

        Surgical Technique 

 The operative procedure was performed by an 
antero-lateral approach following epi and lateral 
X-rays. After discectomy, curettage of the disc 
space with preparation of the cortical structures 
of the vertebral endplates and a decompression 
of neural structures, a synthetic composite (TCP/
PLLA) ceramic cervical cage (Duocage®, SBM, 
Lourdes, France) with suitable height and width 
was introduced. The cages have been placed into 
the interbody space, at the center of the vertebral 
end plates, under careful impaction .  The addi-
tional plating used was a Zephir® (Medtronic, 
Memphis, TN, USA) in all cases. 

 A soft collar was used during 3 weeks after 
the surgery.  

    Procedures 

 The primary endpoints were the resorption 
(over 75 %, 25–75 %, or under 25 %) as evalu-
ated by comparing the initial density of the 
implant to that of adjacent cancellous bone, 
and the fusion of the cervical interbody cage 
(Fig.  34.1 ). Fusion was evaluated by means of 
dynamic fl exion extension X-rays (less than 3°), 
displacement (none, 1–5 mm, or over 5 mm) 
and loss of disc height (none, 1–3 mm, or over 

   Table 34.1    Baseline characteristics of the patients oper-
ated on using Duocage® cages   

 Patient number  89 

 Age (years)  48.0 (range, 18–83) 

 Male/Female  53 / 36 

   Table 34.2    Operated level   

 With 
plating 

 Without 
plating  All patients 

  One level    31    39    70  

 C2-3  1  0  1 

 C3-4  3  1  4 

 C4-5  5  4  9 

 C5-6  14  9  23 

 C6-7  6  19  25 

 C7-T1  1  5  6 

 Missing data  1  1  2 

  Two levels    14    3    17  

 C3-4, 4-5  2  0  2 

 C4-5, 5-6  4  2  6 

 C5-6, 6-7  7  1  8 

 C6-7, 7-T1  1  0  1 

  Three levels    2    0    2  

 C5-6, 6-7, 7-T1  2  0  2 

<4 months
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  Fig. 34.1    Resorption 
higher than 25 %       
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3 mm) by measuring the distance of the two 
adjacent intact vertebral plateau to eliminate 
the imprecision of measure at the treated level. 
Prespecifi ed secondary outcomes were clinical 
infl ammatory reactions (no or yes), functional 
result (good, fair, or poor), pain (none, mod-
erate, or acute) using VAS scale and return to 
physical activities, sportive and professionals 
(good, fair, or poor). Radiological evaluation 
also included the presence of a radiolucent line 
(none, 0–1 mm, or over 1 mm). Data were mea-
sured at 3, 6 and 12 months after the surgery 
and at the latest follow-up available, at least 18 
months where the overall result was estimated 
(excellent, good, fair, or bad). All adverse 
events were reported.

   Migration was defi ned as a displacement 
of the cage superior to 5 mm, and subsidence 
was defi ned as a more than 3 mm loss of initial 
implant height. Migration, subsidence or fracture 
of the implant, non-union and fusion, were evalu-
ated by means of standing lateral spinal radio-
graphs including fl exion-extension radiographs 
and CT scan evaluation at 1 year or latest follow 
up. They were taken at each follow-up, except at 
the fi rst to prevent risks of non-union during bone 
healing.  

    Statistical Analysis 

 89 patients were enrolled, and 110 cages were 
implanted. The number of patients required was 
not based on statistical considerations. Analysis 
of difference between the groups with or without 
a plate, with separated analysis for the one-level 
and the multi-level operated patients, were con-
ducted using descriptive statistics and the t-test 
or the Wilcoxon test to compare the calculated 
means at every endpoint, depending of the nor-
mality of the observed distribution. Patient’s 
proportions were compared by the χ [ 2 ] or the 
Fisher’s exact test, depending on the computed 
theoretical effectives. The approach was two-
sided and a type I error of 5 % was chosen for 
declaration of statistical signifi cance. SAS ver-
sion 8.2 (Inst; Cary, NC, USA) was used for all 
statistical analyses.   

    Results 

 The average follow-up is 19 months (range, 1–36 
months). Ten subjects were lost to follow-up: 2 
died, 1 moved, 5 withdrawn their consent and 2 
fi les were lost. 

    Radiological Results and Adverse 
Events 

 The radiological data of the operated patients are 
summarized in Table  34.3  (Fig.  34.2  and  34.3 ). 
Cervical interbody fusion with Duocage® cage 
was uneventful in all patients. There were no 
early or late implant-related complications. There 
were two patients with pseudarthrosis. No late 
infl ammation was noticed. We did not observe 
any problems such as cage fracture.

     A bony bridge was observed between the two 
vertebrae with no mobility in every except the 
patients who presented a pseudarthrosis. One of 
these patients, operated on two levels without 
plate fi xation, evidenced non union only on one 
of the two levels since fusion was achieved at the 
upper level. 

 A slight hypo density at the periphery of the 
cage was still present at the last follow-up in 
26.9 % of the operated levels, without relation 
to the number of operated levels. No radiolucent 
line around the implant was observed for 97.0 % 
of the operated levels at the last follow-up. Three 
patients (3.8 %) had a radiolucency, all without 
a plate fi xation. In one case there was a massive 
osteolysis. Another patient had previously under-
gone a posterior cervical foraminotomy. For the 

   Table 34.3    Radiological results at last follow-up   

 (%) 
 With 
plating 

 Without 
plating 

 All 
levels 

 Stable dynamic X-rays  100.0  93.8  98.0 

 Radiolucent line under 
1 mm 

 100.0  88.9  97.0 *  

 Migration under 5 mm  100.0  88.2  97.0 *  

 Loss of disc height 
under 3 mm 

 100.0  88.9  97.0 *  

   *  P < 0.05, Fisher’s exact test, between with or without 
plating groups   
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a b

  Fig. 34.2    Fusion and resorption of the Duocage®: extension X-rays at ( a ) 4 months and ( b ) 32 months after surgery 
without plate       

a b

  Fig. 34.3    Fusion and resorption of the Duocage®: patient with a fi xation plate at ( a ) immediate post-operative visit 
and ( b ) 24 months after surgery       
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last case, the cage was inserted at the anterior 
third of the disc plate opening the anterior space. 
The rate of radiolucency were signifi cantly dif-
ferent in the groups with or without a fi xation 
plate for the subjects operated on one level at the 
fi rst follow-up (p ≤ 0.001, Fisher’s exact test), 
and for the subjects operated on two levels at the 
last follow-up (p = 0.016, Fisher’s exact test). 

 In 38.5 % of the patients without plate fi xa-
tion, a slight migration, between 1 and 5 mm, was 
observed at the last follow-up. A strong migra-
tion, over 5 mm, was observed in 2 patients with-
out plate fi xation (15.4 %). None of the patients 
with additional plating had any cage migration at 
any of the follow-up. 

 Two patients had a loss of disc height greater 
than 3 mm at their last follow-up: in one case it 
was a massive osteolysis, in the other two cases 
there was a pseudarthrosis. No patient with addi-
tional plating had any loss of disc height at any 
of the follow-up. 

 There is a statistically signifi cant difference 
between the groups with or without a plate fi xa-
tion regarding the migration (p ≤ 0.001, Fisher’s 
exact test) and the loss of disc height (p ≤ 0.001, 
Fisher’s exact test) at the last follow up. These 
fi ndings confi rm that the fi xation plate has a key 
role regarding the migration and the subsidence 
of the cage. 

 The resorption rate was over 25 % in 66.2 % 
of the cases at the last follow up, and in 85.0 % 
of the cases after 18 months. It was over 75 % in 
30.0 % of the cases after 18 months. The resorp-
tion rate was not related neither to the number of 
operated levels, nor to the presence of additional 
plating.   

    Clinical Outcome 

 There were two patients with important cervical-
gia at fi rst follow-up, which completely disap-
peared thereafter. Functional results were never 
poor in any case but one. These outcomes are 
equivalent in both groups, except when consider-
ing the multi-levels implanted patients, where the 
functional results were good in all cases with a 
plate and only in one patient without a plate at the 

last follow-up (p = 0.032, Fisher’s exact test, for 
the patients operated on two levels) (Table  34.4 ).

   Return to activities was good for 83.3 % of 
the studied population, nearly equivalent for all 
the patients with or without a fi xation plate, at the 
last follow-up. No patient with a fi xation plate 
had bad results, whereas it concerned 13.2 % of 
the operated levels in the group without a fi xation 
plate (p = 0.031, Fisher’s exact test). At the fi rst 
follow-up, all patients with a plate and 65.7 % 
of the patients without a plate, had returned to 
normal activities. The conclusions are identical at 
the last follow-up, for all the patients followed at 
least 18 months. It seems that a plate can be help-
ful for obtaining a faster and long-lasting return 
to sport and professional activities. No relation 
was shown with the number of operated levels. 

 There was no pain for 61.2 % of the operated 
levels at the last follow-up, and no signifi cant dif-
ference between the plating and the  non- plating 
patients at any follow-up was found. When con-
sidering the multi-level operated patients, all of 
the patients without a plating fi xation felt mod-
erate pain, whereas 38.1 % of the patients fi xed 
with a plate felt pain at the last follow-up. Only 
one patient, without a fi xation plate, showed 
accurate pain from the 6 months follow-up.  

    Discussion 

 The overall result was good or excellent for 
88.9 % of the patients with one operated level, 
and for 75.0 % of the patients with two operated 
levels. This overall result was equivalent for the 
patients with or without a fi xation plate if they 
were operated on one level. The result is even 

   Table 34.4    Clinical outcome at last follow-up   

 (%) 
 With 
plating 

 Without 
plating 

 All 
levels 

 Infl ammatory reaction  2.3  0.0  1.2 

 Good or fair functional result  100.0  97.4  98.8 

 Good or fair return to 
activities 

 100.0  86.9  94.0 *  

 None or moderate pain  100.0  97.4  98.8 

   *  P < 0.05, Fisher’s exact test, between with or without 
plating groups   
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excellent for 70.0 % of the patients operated on 
two levels with a fi xation plate. 

 Only one patient had a bad overall outcome, 
caused by a pseudoarthrosis, and one patient, who 
had a previous cervical foraminotomy and was 
previously operated on two levels by a posterior 
approach, had poor radiological and clinical results. 

 This case study shows that the fusion of the 
Duocage® is excellent, with stables X-rays for 
98.0 % of the operated levels, and with no real 
radiolucent line, under 1 mm, for 97.0 % of the 
operated levels. These rates could be compared 
to the best of those seen in the literature, where 
fusion rates range from 79–98 % with the Smith- 
Robinson technique [ 26 ,  29 ,  31 ]. Furthermore, 
our results are in accordance to approve that the 
multi-level fusion rates are increased with the 
adjunction of a fi xation plate [ 26 ,  33 ]. 

 The loss of disc height due to subsidence can 
only be noticed here in 3.0 % of the total of the 
studied population, at the last follow-up. The 
few published studies range the subsidence from 
18–79 % [ 22 – 31 ], where the best case can be cor-
related with the 14.9 % of operated levels with 
an insignifi cant, under 3 mm, loss of disc height 
noticed in this case study. 

 As regards to the risk of migration, the current 
series noticed 3.0 % of patients with a migration 
over 5 mm. In this series, 14.9 % of the patients 
had, at worst, a minor displacement, less than 
5 mm, where the conclusions found in the litera-
ture shown 4–54 % of patients with migration of 
the cage [ 24 ]. 

 The Duocage® cage also provided a good 
resorption, with 85.0 % of cages over 25 % after 
18 months which confi rms previous animal and 
clinical studies [ 20 ]. 

 The functional results and the return to activi-
ties are also good even excellent. 

 As well, this study confi rms that patients with 
a fi xation plate have better outcomes in terms 
of functional results and pain when operated on 
several levels. These differences are signifi cant, 
for all patients without considering the number 
of operated level, for the migration and the loss 
of disc height. 

 These fi nding will help to inform decisions 
about the use of a plating fi xation device when 
several levels are involved. 

 The potential of TCP ceramics in spinal 
fusion has been evidenced on animal models in 
both postero-lateral [ 13 ] and interbody grafting 
[ 32 ]. Clinical results have confi rmed these data 
in various clinical situations like post-traumatic 
reconstruction, thoracic or lumbar postero-lateral 
fusion [ 34 ]. During resorption, dissolved calcium 
and phosphate ions participate to new bone matrix 
formation and are physiologically involved in the 
local bone metabolism [ 20 ]. 

 This study confi rms that the Duocage® com-
posite cage is capable of achieving complete 
fusion without infl ammatory reaction during 
resorption. This new composite material reduces 
the infl ammatory reaction induced by PLLA 
alone and promotes new bone formation. The 
ceramic block guarantees the maintenance of the 
disk height and its slow resorption which allows 
long term fusion and stability. At the end, this 
combination provides the same results as tri- 
cortical iliac crest graft without the disadvantage 
of the bone harvesting site.     
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      Biomechanics of Posterior 
Instrumentation for Spinal 
Arthrodesis                     

     S.  I.     Suk       and     W.  J.     Kim    

       The main purposes of spinal instrumentation are 
restoration of stability in an inherently unstable or 
surgically destabilized spine, and correction and 
maintenance of spinal deformities via forces effected 
by the instrumentation [ 1 – 6 ]. Spinal instrumentation 
may be, at large, divided into anterior instrumenta-
tion and posterior instrumentation by the element 
of the vertebral body utilized to fi x the implant to 
the vertebral column. Those fi xing the anterior col-
umn (usually the vertebra body proper) are consid-
ered anterior instrumentation while those fi xing the 
structures of the posterior column (lamina, facets, 
pedicles) are considered posterior instrumentation. 

 Though there are many factors which may 
affect the choice of the instrumentation method 
for a specifi c spinal problem, the two most impor-
tant factors seems to be the location of the pathol-
ogy causing the instability or the deformity and 
the experience of the treating surgeon. 

 An anterior instrumentation is indicated when 
the spinal pathology or the instability is located 
predominantly in the anterior column. However, 
anterior instrumentation may be diffi cult to apply 
when it is necessary to incorporate a large number 

of spinal segments or when the  instrumentation 
needs to span across the cervicothoracic, the tho-
racolumbar, or the lumbosacral junction due to 
the complex anatomy of the junctional regions. 

 By the same token, a posterior instrumenta-
tion is indicated when the spinal pathology or 
the instability is located predominantly in the 
posterior column. Though a pathology or insta-
bility arising from the posterior column is rare, 
posterior instrumentation is more commonly 
used than anterior instrumentation. This is due 
to the fact that the posterior approach is more 
often employed than the anterior approach in the 
practice of spinal surgery due to its relative ease, 
extensibility, and lower risk of a major visceral 
injury, which subsequently makes the instrumen-
tations in the posterior column more frequent [ 7 ]. 

 The purpose of this chapter is to introduce the 
biomechanical basis of posterior instrumentation 
techniques and to offer a guideline for an appro-
priate choice of technique or techniques for vari-
ous spinal conditions subject to stabilization or 
correction by posterior instrumentation. 

    Implant Characteristics 

    Materials 

 The biomechanical characteristic of a spinal 
implant is often governed by the material prop-
erties of the implant. Modern spinal posterior 

        S.  I.   Suk ,  MD, PhD      (*) 
  Department of Orthopedic Surgery , 
 Seoul Spine Institute, Inje Univ Sanggye Paik Hospital , 
  Nowon-Ku, Seoul ,  South Korea   
 e-mail: seilsuk@unitel.co.kr   

    W.  J.   Kim ,  PhD    
  Materials Science and Engineering , 
 Hongik University ,   Seoul ,  South Korea    

  35

mailto:seilsuk@unitel.co.kr


438

implants are usually made of metal, either in pure 
or in alloyed forms. Metal is superior to other 
materials as spinal implants in the aspects of its 
mechanical strength, relative ease of shaping, 
possibility of obtaining uniform material prop-
erty throughout the whole implant, and for mass 
production. 

 Metals commonly used for spinal implants are 
pure unalloyed titanium, Ti-6AI-4 V, 316 L stain-
less steel, 22-13-5 stainless steel, cast Co-Cr-Mo, 
and Vitallium, which is also a Co-Cr alloy [ 8 ]. 
Though pure titanium and the titanium alloys 
have a lower modulus of elasticity (less stiffness) 
than the stainless steel or other Co-Cr alloys, they 
have the advantage of producing less distortion 
of CT or MR images [ 9 ]. As they allow improved 
postoperative radiological examination of the 
spinal canal, they are presently increasing in use 
as spinal implants (Fig.  35.1 ).

       Design 

 The usual posterior spinal implant is composed 
of anchoring members, longitudinal members, a 
kind of component-component connecting mech-
anism to connect the anchoring members to lon-
gitudinal members, and the transverse members 
to cross-link the longitudinal members.  

    Anchoring Members 

 The anchoring member is the part of implant 
system that grips the bony structure of the spi-
nal column and transmits the force effected by 
the instrumentation to the spinal column. As 
this component comes directly in contact with 
the bone, there forms a bone-component inter-
face. Anchoring members for the posterior spinal 

  Fig. 35.1    ( a ,  b ) A 28-year-old male with an unstable 
bursting fracture of ll. ( c ,  d ) He was treated by posterior 
instrumentation with pedicle screws made of titanium 

alloy. ( e ,  f ) Postoperative sagittal and axial MRI show lit-
tle metallurgic artifact, allowing view of spinal canal 
(Continued next page)         
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e f

c d

Fig. 35.1 (continued)

instrumentation may be divided into a penetrat-
ing type and a gripping type by the form of their 
bone-component interface. 

 Penetrating-type anchoring members are those 
engaging the bone by penetration into the bony 
structure. They make an important  component 

35 Biomechanics of Posterior Instrumentation for Spinal Arthrodesis



440

of the cantilever constructs. By the alternation 
of the component-component connecting mecha-
nism, they may act as a fi xed moment arm, non-
fi xed moment arm, or an applied moment arm 
cantilever beam (Fig.  35.2 ). Penetrating anchors 
are divided into two groups; those with pullout 
resistance and those without pullout resistance. 
However, penetrating anchors without pullout 
resistance, called the “post”, are seldom, if ever, 
used alone in posterior implant systems [ 8 ]. 
Penetrating anchors with pullout strength com-
prise screws and smooth posts that change shape 
to offer pullout resistance after penetration into 

the bone. In present practice, screws are the most 
commonly employed penetrating anchors in pos-
terior instrumentation [ 10 ].

   Screws are presently used in the posterior 
instrumentation system for fi xation in the pedi-
cle [ 6 ,  11 ], cervical lateral mass [ 12 ], sacral ala 
[ 13 ], and iliac wings [ 14 ]. They have gained 
more popularity in recent years as they offer a 
rigid vertebral grip which is stable immediately 
after the insertion without need of a force load-
ing and enable reliable fi xation in the presence 
of posterior element defects which preclude the 
use of gripping types of anchors. But in some 

a b c

  Fig. 35.2    Cantilever beam constructs. ( a ) Fixed moment arm cantilever beam construct. ( b ) Non-fi xed moment arm 
cantilever beam construct. ( c ) Applied moment arm cantilever beam construct       
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 situations, employing a penetrating-type anchor 
may be  diffi cult due to the complex anatomy of 
the region and risks of causing a major neural 
 element or vascular damage [ 11 ,  15 ]. 

 Screws used for posterior instrumentation 
may be a cortical or a cancellous type. However, 
the fact that the parts of the vertebra which 
engage the screws, including the pedicles, are 
composed of cancellous bone, the use of cancel-
lous-type screws is more common [ 16 ]. A screw 
is made up of fi ve parts: head, core, thread, tip, 
and the neck that connects the screw head to the 

core (Fig.  35.3 ). The screw head is the part of 
the screw opposite the tip and functions as the 
receiving port to the inserting device. Its main 
biomechanical function is to resist the inward 
translation force generated by the rotation of 
the screw at the terminal phase of screw tight-
ening. When the screw is designed to tighten 
against a metallic implant, for example a plate, 
the implant will offer a substantial resistance 
to pull-through and the screw head needs to be 
just so big so as not to pass through the screw 
hole. On the other hand, if the screw is designed 

Head

Neck

Core

Thread

Tip

  Fig. 35.3    A screw and its 
fi ve parts. The screw is 
composed of head, core, 
thread, tip, and neck       
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to tighten against the bone, the screw head must 
be  substantially larger to offer an effective resis-
tance to pull-through.

   The screw core is the part of the screw from 
which the threads arise. Biomechanically, it 
provides the strength of the screw per se and 
resists bending and torsion moments acting on 
the screw. Since screws are frequently subject to 
bending moments in posterior instrumentation, 
the bending strengths of screws have signifi cant 
clinical importance. The bending strength of 
a screw is proportional to the section modulus 
(Z) that is calculated as Z = πD 3 /32, in which D 
is the core diameter of the screw. As the section 
modulus changes by the cube of the change in the 
core diameter, even a slight alternation in the core 
diameter greatly affects the bending strength of 
the screw. This implies the importance of using 
a screw of the largest permissible diameter when 
using screws as anchoring members [ 17 ]. 

 The screw thread is the part of the screw that 
provides the pullout resistance against a force 
directed along the long axis of the screw. As the 
pullout strength of the screw is proportional to 
the volume of the bone between the threads, the 
pullout strength is affected by the major diameter 
of the screw, thread depth, and pitch, which is the 
distance between two threads (Fig.  35.4 ). The 
cancellous-type screws used in posterior instru-
mentation causes compression of the soft can-
cellous bone during insertion and increases the 
density, and hence the amount of bone held within 
the threads, and are effective in enhancing the 
pull-out strength of the screws [ 18 ]. Screws used 
in posterior instrumentation have various designs 
to increase the pull-out strength (Fig.  35.5 ).

    The screw tip is the part of the screw that fi rst 
enters the bone. Though most of the screws used 
in posterior instrumentation are cancellous-type 
screws that do not need pre-tapping, some screws 
have leading-edge fl utes like self-tapping screws 
to facilitate insertion (Fig.  35.6 ).

   The neck of the screw is the part connect-
ing the head of the screw to the core. As screws 
are frequently subject to cantilever bending 
moments, the neck portion receives most of the 
bending moment acting on the screw and is the 
most frequent site of fracture [ 19 ]. Some screws 
are designed to have a reinforced neck to offer 
more effective resistance to the cantilever bend-
ing moments concentrated here. 

 Gripping-type anchors are the components 
which “grip” the vertebra without penetrat-
ing into the bone. Hooks and wires are grip-
ping type anchors most commonly employed 
in posterior instrumentation. The common sites 
for application of the gripping-type anchor are 
lamina, pedicle, spinous process, and the trans-
verse process. The pull-out strength of the grip-
ping-type anchors may be substantial as they 
contact the hard cortical shell of the vertebra. 
Biomechanically, the pull-out strength of the 
gripping-type anchor depends on the surface 
area under the component and the structural 
integrity of the bony element to which the anchor 
is attached. Since the bone has to resist the pull-
out force by its inherent mechanical strength, 
even a minor fracture that weakens the part of the 
posterior element receiving the anchor substan-
tially decreases the pull-out strength. This fact 
also limits the use of gripping-type anchors in 
the osteoporotic spine where cortical bone fails 

Pitch d = thread depth
   = (Major diameter – Minor diameter)/2

Minor diameter

Major diameter

  Fig. 35.4    Thread depth 
and pitch       
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to provide enough resistance to the cut through 
of the components. 

 Recently, gripping-type anchors have been 
decreasing in use and are being replaced by pen-
etrating anchors. The main reason for this sub-
stitution is the inferiority of holding power when 
compared to the screws. Additional reasons are pre-
requisite of an intact posterior element for a reliable 
fi xation, necessity of preloading that inhibits the 
unconstrained motion of the spinal column under 
force, and the necessity of intruding the spinal canal 
that may increase the risk of neurologic injury. 

 In today’s modern posterior spinal instrumen-
tation, implants are designed in such a way that 
several types of anchoring members may be used 
in the same instrumentation procedure, allowing 
the surgeon to choose the anchoring component 
according to the situation. Gripping-type anchors 
may be used with penetrating-type anchors in 
the same instrumentation to share the pull-out 
strength and hence protect the penetrating-type 
anchors from excessive pull-out stress.  

    Longitudinal Members 

 The longitudinal members are the part of the 
implant to which the anchoring members are 
attached. The biomechanical function of the lon-
gitudinal member is to resist the principle force 
applied to the instrument. The longitudinal mem-
ber of the distraction instrumentation has to resist 
the bending moment created by the weight of the 
body above the instrument while the longitudinal 
member of the compression instrumentation has 
to resist the tension stress. 

 Longitudinal members in a posterior implant 
may be a plate or a rod. Plates are very strong 
and offer a rigid fi xation when combined with 
a constrained bolt. However, they are gradu-
ally becoming less popular as contouring of a 
plate to conform to the curvature of the spine 
is diffi cult and is fraught with technical prob-
lems. Additional reasons for this trend are lack 
of versatility that limits the available anchoring 
component to screws and the relative bulk of 

a b c  Fig. 35.5    Screws of 
various design. ( a ) 
Conical cancellous 
type screw. ( b ) 
Cylindrical screw with 
tapered conical core. 
( c ) Cylindrical screw       
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the implant that causes greater extent of soft tis-
sue damage during implantation and takes up 
room for placement of bone graft. 

 The rod is presently the most common form 
of longitudinal member employed in the poste-
rior instrumentation. They are easy to contour 
and allow attachment of both the gripping and 
the penetrating-type anchoring members. Similar 
to screws, their strength is proportional to the 
section modulus (Z). As Z = πD 3 /32, the strength 
of the rod is greatly infl uenced by the diameter. 
However, as increasing the diameter of the rod 
also increases the bulk of the implant causing 
many untoward problems, the manufacturers are 
trying more and more to produce thinner rods 
with increased strength which allow the implant 
to have a low profi le [ 20 ]. Some are trying to use 
rods of higher elasticity to prevent mechanical 
failures, but the ultimate result is still to be clari-
fi ed. Rods may be sliding types with or without 
a surface fi nish, a threaded or a rachetted type 
(Fig.  35.7 ).

   The sliding type of rod is the most common 
type used presently. It allows free sliding of the 
anchoring members along the length of the rod 
enabling distraction and compression along the 
rod. It is suitable tar both distraction and com-
pression constructs. While some of these rods are 
smooth, some have surface alterations to increase 
the friction between the rod and the component 
attaching mechanism. 

 Threaded rods allow powerful, controlled 
 distraction or compression of the anchoring   Fig. 35.6    A pedicle screw with leading edge fl ute to act 

as a self-tapping screw       

a

b

c

d

  Fig. 35.7    Various rods. 
( a ) A smooth rod. ( b ) A 
knurled rod to increase 
surface friction. ( c ) A 
threaded rod. ( d ) A 
rachetted rod       

 

 

S.I. Suk and W.J. Kim



445

members along the rod. However, as bending of 
the rod with mechanical benders often results in 
damage to the threads causing diffi culty in tight-
ening of the nuts, they are usually more malleable 
than the sliding-type rods. This limits their use 
in posterior instrumentation to compression (ten-
sion band) constructs. 

 Rachetted rods like the one used in the 
Harrington distraction device are primarily used 
in distraction constructs. As the rackets act as 
stress risers, often leading to mechanical failure 
of the rod, this type of rod is rapidly falling out 
of favor.  

    Component-Component Connecting 
Mechanism 

 The longitudinal member of the posterior implant 
is connected to the anchoring members by a 
component-component connecting mechanism 
Except for a wire which is tightened around the 
longitudinal member to offer a grip, all the con-
nection between the components of posterior 
implants are one or combinations of the fol-
lowing six fundamental locking mechanisms; 
(1) three- point shear clamp, (2) lock screw, (3) 
circumferential grip, (4) constrained screw-plate, 
(5) semiconstrained screw-plate, (6) semicon-
strained anchoring component-rod. 

 The three-point shear clamp is the mechanism 
of locking employed in the screws in the synergy 
(Cross Medical, USA) system and the new type 
DDT of the Cotrel-Dubousset system (Sofamor- 
Danek, USA). The locking is provided by the 
force applied at the interface and the friction 
between the components. 

 The lock screw mechanism uses the set screw 
to push the rod to abut the other part of the com-
ponent and is presently the most common type 
of locking mechanism used in posterior instru-
mentation. Examples are the screws and hooks of 
the Cotrel-Dubousset system (Sofamor- Danek, 
USA) and the Diapason system (Stryker, USA). 

 Circumferential grip offers connection 
between the components by friction effected by 
two halves of the pincer. An example is the old 
type DTT in the Cotrel-Dubousset system and the 

closed clamps in the Colorado system (Sofamor-
Danek, USA). 

 The constrained bolt plate is the type of lock-
ing mechanism used in the VSP (Acromed, 
USA) and connection of the closed clamp with 
the anchoring components in the Colorado sys-
tem (Sofamor-Danek, USA). It is very rigid and 
offers the strongest component-component con-
nection available. However as it needs a perfect 
contact between the undersurface of the plate 
with the upper surface of the screw for opti-
mal function constrained bolt plate connections 
directly between the anchoring member and the 
longitudinal member pose many problems in 
practice and are also falling out of favor. Newly 
developed implants employing this component-
component interface usually use this mechanism 
to connect the anchoring member to a clamp that 
is again connected to the longitudinal member to 
facilitate the instrumentation procedure. 

 The semiconstrained screw plate is the type of 
connection employed in most of the screw plate 
systems. As the screws are not rigidly fi xed to 
the plates, this connection allows toggling of the 
screws on the plate and is unable to achieve a 
true rigid fi xation. Although bicortical fi xation of 
the screws increases the rigidity of this kind of 
connection, obtaining a bicortical fi xation from 
the posterior side of the spine is often diffi cult 
and dangerous. In posterior instrumentation, 
Roy-Camille plates and the cervical lateral mass 
plates use this component-component interface. 

 The semiconstrained component-rod is the 
type of connection that allows toggling of the 
anchoring member on the rod. A typical example 
is the Harrington distraction device. As they do 
not achieve a true rigid fi xation and are prone to 
mechanical failure at the component-rod inter-
face, they are also gradually fading away.  

    Transverse Members 

 The transverse member, commonly known as 
the cross link, is the component that transversely 
connects two or more longitudinal members of 
posterior implants to convert the construct into 
a quadrilateral frame. Its biomechanical  function 
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is to enhance the torsion resistance and to resist 
 parallelogram deformation of the construct 
[ 21 ,  22 ]. Transverse members do not increase 
mechanical resistance to other stresses (e.g., fl ex-
ion-extension, lateral bending) [ 21 ,  22 ]. 

 The optimal number of cross linking is at two 
sites, as adding more transverse connections does 
not signifi cantly increase the torsion resistance.   

    Classifi cation of Posterior 
Instrumentation 

 The posterior instrumentation maybe classi-
fi ed by the nature of the force imparted by the 
instrumentation on the spinal column. Though it 
is sometimes very diffi cult to defi ne the principle 
acting force due to the complex three-dimen-
sional nature of the spinal anatomy, the principle 
forces effected by the posterior instrumentation 
are distraction, compression, three-point bend-
ing, and translation. By the degree of freedom 
allowed by the instrumentation, they are fur-
ther divided into rigid and dynamic types. The 
rigid type is the construct that does not allow 
motion between the instrumented spinal seg-
ments whereas the dynamic types allow some 
motion in the instrumented segments either by 
motion at the component-component interface or 
component- bone interface. 

    Posterior Distraction Instrumentation 

 This type of instrumentation exerts a distraction 
force on the spinal column and is biomechani-
cally characterized by bearing of the axial load 
created by the weight of the body cranial to the 
proximal anchoring member by the implant when 
the patient is in an upright position. It comprises 
instrumentation applied under active distraction 
in the operating room and those fi xed in so-called 
“neutral fi xation” without any active compres-
sion or distraction. Neutral fi xation has to be 
considered a distraction type of instrumentation 
since the implant has to maintain the length of the 
instrumented segment per se and has to bear the 
axial load when the patient assumes an upright 

position even though there has been no active dis-
traction in its application. 

 Although many constructs may be used for 
posterior distraction instrumentation, simple dis-
traction, fi xed moment arm cantilever beam fi xa-
tion, and applied moment arm cantilever beam 
fi xation are the most common forms used for this 
purpose.  

    Simple Distraction Construct 

 This construct applies distraction in a short spi-
nal segment and is typifi ed by the Knodt rod. It 
is usually a hook-rod system. The characteristic 
of this type of instrumentation is that the fi xa-
tion becomes stable only with active distraction 
by the implant. As distraction is applied poste-
rior to the spinal instantaneous axis of rotation 
(IAR), the posterior column is lengthened, and a 
kyphosis is created. This instrumentation system 
is not employed frequently in present-day poste-
rior instrumentation due to its biomechanical and 
biological disadvantages of the inability to offer 
a reliable resistance to the fl exion moment and 
engagement of spinal sagittal contour. However, 
it may be used in special situations which need 
correction of local lordotic deformity. When 
employing this instrumentation, the structural 
integrity of the anterior column is an absolute 
prerequisite as elongation of the posterior column 
in the face of an anterior column incompetence 
would result in serious exaggeration of kyphosis 
and ultimate failure of instrumentation. 

 When simple distraction is applied to a seg-
ment longer than four or fi ve spinal segments, the 
resulting kyphosis from elongation of the poste-
rior column creates abutment of the longitudinal 
members on the apex of the kyphosis and exerts a 
three-point bending force.  

    Fixed Moment Arm Cantilever Beam 
Fixation Construct 

 A fi xed moment arm cantilever beam construct 
exerts a distraction force on the spinal column 
and bears the axial load when applied in an active 
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distraction or in a neutral fi xation. However, as 
active distraction of the spinal column is more 
effective with the applied moment arm cantilever 
beam fi xation, it is usually used in neutral fi xa-
tion mode. 

 As the bending moment is resisted by the 
fi xed moment arm which projects into the ver-
tebral body in front of the IAR, it offers greater 
resistance to fl exion moment even with a shorter- 
length construct and is much less prone to failure 
than the simple distraction construct. Constrained 
screw-plate and most of the pedicle screw-rod 
systems are typical examples of this type of 
instrumentation. 

 As the axial load is borne on the cantilever 
beam, mechanical failure occurs at the junction 
of the beam and the longitudinal members [ 23 ]. 
To reduce mechanical failure, adequate recon-
struction of the anterior load-bearing ability to 
share the axial load is advisable. 

 Contrary to the simple distraction instrumen-
tation that creates a local kyphosis and causes 
anterior rotatory displacement when applied in a 
short segment, distraction by the fi xed moment 
arm cantilever results in simple elongation of the 
segments under distraction along the longitudi-
nal member. This is because of the short effective 
distance between the point of force application 
and the component- component interface which 
acts as the fulcrum and the inherent buttressing 
effect of the instrumentation reducing resistance 
to the bending moment.  

    Applied Moment Arm Cantilever 
Beam Fixation Construct 

 The applied moment arm cantilever beam fi xation 
is a variation of the fi xed moment arm cantilever 
beam system and differs only in the sense that an 
effective torque may be generated posterior to the 
IAR to offer a fl exion or an extension moment 
to the subject spinal segments. Effective fl exion 
or extension moment is applied by increasing 
the distance between the point of application of 
the desired force and the fulcrum located on the 
longitudinal member and by adopting a compo-
nent-component locking system which allows 

connection of the anchoring member and the 
longitudinal member at various positions. When 
the components are rigidly locked in the desired 
position, the construct assumes the biomechani-
cal characteristics of a fi xed moment arm can-
tilever beam construct. The AO internal fi xator 
(AO, Swiss) and the Socon system (Aesculap, 
Germany) are typical examples of this type of 
instrumentation.  

    Posterior Compression 
Instrumentation 

 This type of instrumentation exerts a compres-
sion force on the posterior spinal column and acts 
as a tension band resisting the fl exion moment 
generated by application of an axial load. As its 
primary function is compression, the implant 
per se is biomechanically unstable in compres-
sion and ineffective in bearing the axial load. So, 
for the posterior compression system to function 
adequately, a structure that effectively resists the 
axial compression force is absolutely necessary 
[ 24 ]. 

 In posterior spinal surgery, the posterior com-
pression system is applied when the anterior 
weight-bearing column is intact or reconstructed 
to provide effective load bearing. As application 
of the compression results in close abutment of 
weight-bearing structures, the axial load is borne 
mainly by these structures and little is conveyed 
to the implant. This a lows posterior compression 
implants to be of smaller bulk than the distrac-
tion devices. Posterior compression instrumenta-
tion may be applied by a variety of constructs. 
The most common forms are simple compression 
fi xation fl uxed moment arm cantilever beam fi xa-
tion and non-fi xed moment arm cantilever beam 
fi xation.  

    Simple Posterior Compression 
Construct 

 Typical examples of this type of construct are 
the Harrington compression system and the 
Halifax system. As they apply compression force 
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posterior to the IAR, lordosis is created within 
the instrumented segment. When the structural 
integrity of the anterior weight-bearing structure 
is compromised active application of posterior 
compression may result in exaggerated lordosis 
and excessive shortening of the vertebral column 
until competent anterior structures abut to offer 
effective resistance to the compression. 

 As simple compression instrumentation offers 
little resistance to translational deformation its 
present use is practically limited to the cervical 
spine where the orientation of the facets effec-
tively blocks the anterior translation deformation.  

    Fixed Moment Arm Cantilever Beam 
Construct 

 A fi xed moment arm cantilever beam fi xation 
may be used as a posterior compression system 
by an active application of compression over 
the instrumented segments. As the compression 
brings the weight-bearing anterior structures to 
abut tightly there will be little axial load con-
veyed to the implants and the implants will func-
tion biomechanically just as a tension band. 

 Using the fi xed moment arm cantilever beam 
fi xation for posterior compression instrumenta-
tion offers an advantage over the simple posterior 
compression construct in that it offers a substan-
tial resistance to the translational deformation and 
has the ability to resist over- compressive axial 
load, reducing the risk of mechanical failure.  

    Non-fi xed Moment Arm Cantilever 
Beam Construct 

 Though this system does not offer a rigid fi xation, 
it may be used to impart stability to the spinal col-
umn as a tension band when axial load-bearing 
structures are competent. Bio-mechanically, it 
offers no advantage over the fi xed moment arm 
cantilever beam construct and is fading away. The 
only advantage of the system is that the bulk of the 
implant is signifi cantly less than the fi xed moment 
arm type as it does not a need special component-
component interface. Its clinical use is primarily 
in the cervical spine as lateral mass plates.  

    Posterior Three-Point Bending 
Instrumentation 

 The three-point bending force is one of the 
most commonly employed forces in posterior 
spine instrumentation. It is the principle force in 
many situations where translational deformity 
is reduced. Application of a three-point bending 
force needs two points onto which forces in same 
direction are applied, with a fulcrum between 
the two points. When the construct is stable, the 
force acting at the fulcrum will be in the opposite 
direction to the two terminal forces with a mag-
nitude equal to the sum of two terminal forces 
(Fig.  35.8 ). Three-point bending may be applied 
by various posterior spinal constructs.

       Posterior Distraction Construct 

 The simple posterior distraction construct may be 
used to effect a three-point bending force on the 
spinal column. This is attributed to their ability to 
generate torque posterior to the IAR and create a 
kyphosis, which will gradually come into contact 
with the longitudinal member to act as a fulcrum. 
However, for the simple distraction construct to 

  Fig. 35.8    If a three-point bending construct is symmetri-
cally placed, the sum of the two terminal forces is of equal 
magnitude to the force acting on the fulcrum but in oppo-
site directions       
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effect a three-point bending force, a considerable 
length of instrumentation is necessary and when 
used in –the lumbar spine, due to the length of the 
spinal segment subject to distraction, a fl at back 
deformity results. Addition of reduction sleeves 
in the mid-portion of the longitudinal member 
may hasten the contact of kyphosis to the longi-
tudinal member and also effectively restores lor-
dosis. The use of a simple distraction construct 
for the attainment of three-point bending force 
is decreasing due to the necessity of a lengthy 
instrumentation sacrifi cing the motion segments.  

    Cantilever Beam Constructs 

 As forms of cantilever beam construct may be 
applied to generate a three-point bending force on 
the spinal column. This is attributed to their ability 
to create a posterior-directed pull up force on the 
displaced vertebra by means of screws. They have 
the advantages over the simple distraction constructs 
when used in this mode of application as they do 
not need a lengthy instrumentation and do not cause 
fl attening of the lordosis [ 25 ]. Some instrument sys-
tems offer specially modifi ed implants to facilitate 
application of three-point bending force (Fig.  35.9 ).

       Posterior Translation 
Instrumentation 

 This type of instrumentation effects translation of 
the vertebra as the primary force of action and is 
used mainly for correction of spinal deformities. 
There are two modes of applying translation to 
the vertebral column by these instruments. The 
fi rst is the translation of the vertebra by bringing 
the anchoring members to the longitudinal mem-
bers and is called the vertebra-to-rod method [ 20 ]. 
The second is by changing the shape or alignment 
of the longitudinal member to which the anchor-
ing members have been already attached and may 
be called the longitudinal member maneuvering 
method. The rod decoration maneuver and in situ 
rod bending [ 26 ,  27 ] are principle longitudinal 
member maneuvering methods. Recent investi-
gations suggest possible future employment of 
shape memory alloys for the latter purpose [ 28 ]. 
There are two construct forms in this category.  

    Dynamic Translation Construct 

 This is typifi ed by the Luque segmental sublaminar 
wiring and is applied in a vertebra-to- rod method. 
As there is no rigid fi xation between the anchor-
ing member and the longitudinal member, some 
movement will occur between the instrumented 
spinal segments. Though this is a disadvantage 
that leads to loss of correction by settling of the 
spinal column under gravity, it may be exploited 
in the maintenance of deformity correction in 
young children as the sliding of the wires on the 
rods will allow growth of the spinal column.  

    Rigid Translation Construct 

 Most of the implants used for spinal deformity 
fall into this category. As they offer a rigid com-
ponent-component interface, they, in theory, do 
not allow intersegmental motion and result in 
better maintenance of the deformity correction. 

  Fig. 35.9    Screws with modifi cation to facilitate applica-
tion of three-point bending force. Extended arms make 
force application more effective       
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 The effectiveness of the rigid translation 
construct is greatly infl uenced by the posi-
tion and the fi xation strength of the anchoring 
members and the relative stiffness between the 
longitudinal member and the spine deformity. 
To increase the correction of the deformity, 
employment of segmental anchors, preferably 
screws and a stiff rod [ 6 ] is advantageous. When 
the deformity is rigid, increasing the fl exibility 
of the deformity by an adequate releasing pro-
cedure is helpful in attaining a better correc-
tion. They may be applied in the vertebra to rod 
method or the longitudinal member maneuver-
ing method.   

    Clinical Applications 

 In practice, the forces applied by the posterior 
spinal instrumentation is much more complex 
than those described in the preceding sections 
due to the three-dimensional nature of the 
anatomy and coupling actions which inevitably 
accompany application of forces on a three- 
dimensional structure. The presence of a mul-
tiple number of movable joints acting as hinges 
and the difference in the mechanical characters 
between the structures comprising the verte-
bral column further complicates clear delinea-
tion of the forces acting on the instrumented 
spinal column. This mandates careful preop-
erative consideration and meticulous planning 
for every case under consideration for spinal 
instrumentation. 

    Fractures and Dislocations 

 In stabilization of traumatic instabilities of the 
spine, the degree of structural compromise in 
the injured vertebral column and the experience 
of the treating surgeon are the main factors that 
determine the choice of instrumentation method. 
When a decision is made to apply a posterior 
instrumentation for stabilization, the following 
should be taken into consideration.  

    Degree of Anterior Column 
Destruction 

 When there is severe anterior column destruction, 
the spinal column is devoid of axial load-bearing 
ability Though a posterior rigid distraction instru-
mentation may be performed, it is not sound bio-
mechanically as the axial load is borne solely by 
the instrument and often results in mechanical 
failure of the implant or the bone- implant inter-
face [ 23 ]. To resist the bending moment at the 
fracture site effectively, the instrumentation has 
to be of considerable length, sacrifi cing multiple 
non injured motion segments. In this situation, 
adequate reconstruction of the anterior column 
and application of posterior compression instru-
mentation with a fi xed moment arm cantilever 
beam construct is preferable (Fig.  35.10 ).

   When anterior column destruction is mild 
or moderate, healing of the fracture effectively 
restores the axial load-bearing ability of the spi-
nal column. The role of instrumentation here is 
to prevent further deformation of the spinal col-
umn and protect the injured vertebra until healing 
occurs. In this situation, rigid distraction instru-
mentation by the fi xed moment arm cantilever 
beam construct or applied moment arm cantilever 
beam construct is indicated (Fig.  35.11 ).

   When the bony structures of the anterior col-
umn are relatively intact as in seatbelt type injury 
the disks may be brought together to reestablish 
a competent weight-bearing column using pos-
terior compression instrumentation [ 29 ,  30 ]. In 
the cervical spine, spinous process wiring or the 
Halifax clamp may be used. In the thoracic and 
lumbar spine, posterior compression instrumen-
tation with a type of cantilever beam construct is 
preferable (Fig.  35.12 ).

       Translational Deformity 

 In the presence of a translational deformity, 
posterior instrumentation is better than anterior 
instrumentation as reduction of the facet disloca-
tion is much easier from the posterior side. When 
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  Fig. 35.10    ( a, b ) A 36-year-old female with L3 unstable 
burst fracture. ( c ) Preoperative CT shows 50 % canal 
encroachment with severe destruc-tion of vertebral body. 

( d, e ) Treatment consisted of posterior fi xed moment arm 
cantilever fi xation. The anterior column was reconstructed 
with strut bone graft         

a

c d

b 
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translation is signifi cant, three-point bending 
instrumentation or rigid translation instrumenta-
tion is indicated. This is preferably done with a 
fi xed moment arm cantilever or applied moment 
arm cantilever beam construct. When there is 
severe destruction of the anterior column recon-
struction of the anterior column after the reduc-
tion of translation is indicated (Fig.  35.13 ).

       Degenerative Diseases 

 As most degenerative instabilities have compe-
tent anterior weight-bearing columns, posterior 
compression instrumentation will do the job. For 
this purpose a fi xed moment arm cantilever beam 
construct is most suitable. When discectomy is 
performed simultaneously, posterior compres-
sion instrumentation with restoration of the ante-
rior column by anterior or posterior interbody 
fusion is preferable (Fig.  35.14 ).

       Deformities 

 The ideal instrumentation depends on the type, 
location, and severity of the deformity.  

    Scoliosis 

 Historically, correction of scoliosis by posterior 
instrumentation started in the early 1960s with 
the Harrington device, a type of rigid posterior 
distraction instrumentation [ 4 ]. Although a fair 
amount of correction could be obtained in the 
coronal plane from elongation of the concave 
side and associated media translation of the 
apex, numerous drawbacks pertinent to the bio-
mechanical characteristics of simple distraction 
instrumentation were observed including lack 
of rigidity of fi xation necessitating prolonged 
postoperative external immobilization, high fre-
quency of proximal hook dislodging, mechanical 
failure at the rackets, and derangement of spinal 
sagittal contour resulting in loss of normal tho-
racic kyphosis or fl at back syndrome. 

 Then came the Luque segmental spinal 
instrumentation in the early 1980s, a type of 
dynamic translation instrument [ 5 ]. This cor-
rected scoliosis employing the vertebra-to-rod 
method, pulling the vertebra up to the contoured 
rod by means of wires with a gripping-type 
anchor holding the lamina. This system solved 
many of the problems posed by the simple dis-
traction instrumentation. The fi xation of the ver-
tebra was more rigid, precluding the necessity of 
prolonged external immobilization, the derange-
ment of the sagittal contour was much less due 
to absence of the distraction effect of the instru-
mentation, and mechanical failures were much 
less frequent. However, there were also draw-
backs pertinent to the biomechanical character-
istics of the instrumentation and the anchoring 
member. As the fi xation was dynamic, the verte-
bral column settling under gravity could not be 
effectively resisted. The necessity of intruding 
the canal to pass the sublaminar wires was also 
a signifi cant problem, increasing the risk of neu-
rologic injury. 

e
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 Then, in 1983, shortly after popularization 
of the Luque instrumentation, came the Cotrel- 
Dubousset system, a rigid translation instrument 
with multiple anchors that became the prototype 
for numerous other similar instrumentation sys-
tems [ 3 ]. It corrected 

 scoliosis deformity by translocation of the 
curve from the coronal plane to the sagittal plane 
by a rod derotation maneuver, a form of longi-
tudinal member maneuvering method. After the 
derotation, the system became a combined sim-
ple distraction-simple compression instrument 

  Fig. 35.11    ( a ,  b ) A 51-year-old male with L2 unstable burst fracture. ( c ) Preoperative CT shows 40 % canal encroach-
ment. ( d ,  e ) He was treated by posterior fi xed moment arm cantilever fi xation         

a

c

b 

35 Biomechanics of Posterior Instrumentation for Spinal Arthrodesis



454

by the nature of the anchoring members, generat-
ing forces behind the IAR. By their biomechani-
cal characteristics application of compression 
produced lordosis. However, application of dis-
traction did not restore as much thoracic kypho-
sis as desired due to generation of a three-point 
bending force acting on the apex of developing 
kyphosis. Inadequate restoration of kyphosis in 
turn produced very little rotational correction in 
the horizontal plane. Despite these drawbacks, 
the system offered a rigid fi xation, improved cor-
onal plane correction, and true three-dimensional 
correction of the scoliosis deformity (Fig.  35.15 ).

   In 1992, a major breakthrough in rigid transla-
tion instrument was developed by Suk, introducing 
the use of segmental pedicle screws as anchoring 
members for the system [ 6 ]. The use of penetrat-
ing anchors converted the system into a fi xed 
moment arm cantilever beam construct after the 
decoration maneuver, solving many problems of 
simple compression- distraction instrumentation. 

 The increased holding power of the implant 
using segmental penetrating anchors enhanced 
the correction of coronal plane deformity 
and at same lime reduced failure at the bone-
implant interface. Being converted into a fi xed 
moment arm cantilever beam construct, it did 
not need any distraction to stabilize the anchor-
ing members. It prevented generation of a ven-
tral three-point bending force, at the same time 
permitting unconstrained spinal motion, allow-
ing the spinal column to conform more eas-
ily to the rod contoured to the normal sagittal 
contour. In thoracic scoliosis, use of top open 
screws with a lock screw component-compo-
nent interface also played a role in restoration 
of thoracic kyphosis, combining the vertebra-
to-rod translation to the rod derotation. This 
restoration of kyphosis in turn improved rota-
tional correction in the horizontal plane, thus 
truly improving the deformity three dimen-
sionally (Fig.  35.16 ).

d e
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a b

c d

  Fig. 35.12    ( a ,  b ) A 40-year-old female with T11 chance fracture. ( c ,  d ) She was treated by posterior compression 
instrumentation with pedicle screws       
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  Fig. 35.13    ( a ,  b ) A 30-year-old female with T12 L1 fracture dislocation. C MRI shows gross displacement. ( d ,  e ) She 
was treated by posterior instru-mentation in neutral mode and then anterior column reconstruction         

a

c

b 
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   In posterior instrumentation for scoliosis, the 
risk of mechanical failure of the instrument is 
greatly affected by the fl exibility of the deformity 
and the quality of bone to which the anchoring 
members are attached regardless of the types 
of instrumentation used. In rigid deformities, 
increasing the fl exibility of the deformity by an 
adequate release or an osteotomy prior to poste-
rior correction is advisable to reduce mechanical 
failures [ 31 ,  32 ]. Increasing the number of the 
anchoring members by segmental application 
disperses the stress put on each anchoring mem-
ber and reduces the risk of failure at the bone 
component interface especially in the osteopo-
rotic spine.  

    Kyphosis 

 The choice of instrumentation method for kypho-
sis is primarily governed by the fl exibility of the 
deformity. In fl exible kyphosis, three-point bend-
ing instrumentation offers a satisfactory correction. 
Although three-point bending forces for correction 
of kyphosis may be applied by several types of 
construct, the most commonly used is translation 
instrumentation. Translation instrumentation gen-
erates three-point bending on the apex of the kypho-
sis by exerting a posterior displacement force on 
the vertebra subject to translation (Fig.  35.17 ). In 
fl exible deformity, both dynamic and rigid transla-
tion instrumentation may yield satisfactory results.

d e
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a b

c d

  Fig. 35.14    ( a ,  b ) A 47-year-old male with l4-5 spinal stenosis. ( c ,  d ) He was treated by posterior decompression and 
posterior compression instru-mentation with anterior support       
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a b

c d

  Fig. 35.15    ( a , b ) A 13.7-year-old female with adolescent idiopathic scoliosis. ( c ,  d ) She was treated by rigid translation 
instrumentation using mul-tiple hooks       
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a b

c d

  Fig. 35.16    ( a ,  b ) A 13-year-old female with adolescent idiopathic scoliosis. ( c ,  d ) She was treated by rigid translation 
instrumentation using segmental pedicle screws. Note the improvement of the sagittal contour       
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   When the kyphosis is rigid, attempts at cor-
rection solely by the force of posterior instru-
mentation are always less than satisfactory due 
to mechanical failure at the bone-component 
interface. In this situation, an anterior release 
or an osteotomy to enhance the fl exibility of the 
deformity is mandatory [ 31 ,  32 ]. Following the 
release osteotomy, dynamic or rigid translation 
instrumentation may be applied to yield satisfac-
tory results (Fig.  35.18 ).

   When the kyphosis is rigid and so severe as 
to call for a vertebral column resection, appli-
cation of three-point bending forces with rigid 
translation instrumentation with a fi xed moment 
arm cantilever beam construct is most suitable. 
Employing this type of construct allows com-
pression over the resection site when an anterior 
structure support was reconstructed. When non-
structural cancellous chip graft was used to fi ll 
the resection gap, the construct, by resisting the 
axial load, protects the anterior column from col-
lapsing (Fig.  35.19 ).

       Spondylolisthesis 

 Reduction of spondylolisthesis may be achieved 
either by three-point bending or translation 

force. Though these two methods are very simi-
lar in look the force acting on the displaced 
vertebra is quite different. When the displaced 
segment is at the end of the instrumentation it 
becomes a terminal three-point bending con-
struct the fulcrum being the segment just below. 
However when the displaced segment is interca-
lary the force for reduction becomes translation 
(Fig.  35.20 ). Both methods may be effectively 
carried out by a fi xed moment arm cantilever 
beam construct. Some of the instruments offer 
screws of special design with elongated connec-
tors for this purpose.

       Tumors 

 The principle of reconstruction of the spinal col-
umn by posterior instrumentation in tumor sur-
gery is similar to that for traumatic instabilities. 
When resection of the tumor results in signifi -
cant compromise of the anterior column, recon-
struction of the anterior column with posterior 
instrumentation is indicated. When the anterior 
column following resection is still quite compe-
tent of bearing axial loads, posterior compression 
instrumentation or neutral fi xation with distrac-
tion instrumentation is suffi cient (Fig.  35.21 ).

  Fig. 35.17    Translation 
instrumentation in 
kyphosis. Translation 
instrumentation 
generates a three-point 
bending force on the 
apex of the kyphosis by 
exerting a posterior 
displacement force on 
the vertebra subject to 
translation       
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a b

c d

  Fig. 35.18    ( a ,  b ) A 46-year-old male with ankylosing spondylitis.( c ,  d ) He was treated by transpedicular decanceliiza-
tion osteotomy of L 1 and L4 with posterior translation instrumentation       
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a b

c d

  Fig. 35.19    ( a ,  b ) A 23-year-old male with congenital 
kyphosis. ( c ,  d ) He was treated by posterior vertebral col-
umn resection ofTl 0 and T11 with anterior column recon-
struction using titanium mesh and posterior pedicle screw 
fi xation. The posterior instrumentation functions as a 

translation instrumentation in the fi rst stage of operation, 
but becomes a fi xed moment arm cantilever beam fi xation 
in compressive mode on insertion of ante-rior strut graft 
and posterior compression       
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a

b

  Fig. 35.20    ( a ) In spondylolisthesis, if the displaced seg-
ment is intercalary, the construct is a posterior translation 
construct. ( b ) In spondylolisthe-sis, if the displaced seg-

ment is at the end of the instrumentation, the construct is 
a terminal three-point bending construct and the fulcrum 
is the segment just below       
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a

c

b

  Fig. 35.21    ( a ,  b ) A 36-year-old male with hyperne-
phroma and T12 metastasis. ( c ,  d ) Preoperative MRI. The 
sagittal and axial images show destruction of vertebral 
body and cord compression by tumor mass. ( d ,  e ) He was 
treated by total resection of the vertebral body with recon-

struction of the anterior column using titanium mesh and 
posterior pedicle screw fi xation. The posterior fi xed 
moment arm cantilever instrumentation was applied in 
compressive mode over the anterior structural graft         
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Fig. 35.21 (continued)
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      Biomechanics of Sacral Fixation                     

     J.  C.  Y.     Leong      ,     G.  X.     Ni     ,     B.     Yu      , and     W.  W.     Lu     

          Anatomic Considerations of Sacral 
Fixation 

 The wedge-shaped Sacrum not only gives  support 
to the vertebral column, it also provides strength 
and stability to the pelvis. Recent renewed 
interest in sacral screw fi xations together with 
advancements in mechanical understanding has 
resulted in increased attention being paid to the 
surgical anatomy of the sacrum [ 1 – 6 ]. Awareness 
of the anatomical structure, and the adjacent 
neurovascular and visceral structures and their 
confi gurations will minimize complications and 
contribute to a successful surgical outcome. 

 In the adult, the sacrum is composed of fi ve 
vertebral bodies fused together by four ossi-
fi ed intervertebral disks. The sacrum articulates 
above with the fi fth lumbar (L5) vertebra, below 

with the coccyx, and laterally from the auricu-
lar surfaces with the two iliac bones of the hip to 
form the sacroiliac joints. The projecting anterior 
edge of the fi rst sacral vertebra is called the sacral 
promontory and the two sides are the sacrum alas. 
The sacral promontory is used as a landmark for 
making pelvic measurements. 

 Even though sacral screw fi xation techniques 
vary, the anterior sacral anatomy is particularly 
important. Bicortical purchase to the sacrum is 
required to enhance the strength of fi xation, but 
a complex interdigitation of neurovascular, vis-
ceral, and urogenital structures lies anterior to 
the sacrum. These are the common and internal 
iliac arteries, veins, the lumbosacral and obturator 
trunks, and the rectosigmoid portion of the large 
bowel. The common and internal iliac veins are 
located posterior and lateral to the corresponding 
arteries. It has been shown that the veins lie in 
the connective tissue immediately in front of the 
sacral ala [ 7 ]. At the level of the fi rst and second 
sacral vertebrae, the internal iliac veins lie on the 
anterolateral sacral alar surface, more specifi cally, 
the extension of the srcuate line onto the sacrum, 
medial to the sacroiliac joints. Standard anatomic 
texts have placed the internal iliac veins directly 
anterior to the sacroiliac joints [ 6 ,  8 – 10 ]. Other 
studies [ 3 ,  7 ] also reported these vessels medial 
to that position on the anterolateral surfaces of 
the sacral ala medical to the sacroiliac joint. The 
internal iliac artery lies anterolaterally and does 
not come in contact with the bony sacrum. 
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 Studies have also found that the lumbosacral 
trunk enters the pelvis deep to the medial margin 
of the psoas major and descends over the pelvic 
brim. Within the pelvis itself, the trunk runs on the 
anterior surface of the sacral ala and rests on the 
sacral extension of the arcuate line medial to the 
SI joint. The obturator nerve courses far enough 
anterior to the sacrum, between the sacroiliac 
joint and the lumbosacral trunk, that it does not 
come in contact with the sacrum. Injury to any of 
these can lead to hemorrhage, neurologic defi cit, 
infection, and chronic pain. Furthermore, Sacral 
osteomyelitis, peritonitis, and sepsis are potential 
sequelae of bowel perforation with possible life 
threatening consequences [ 7 ]. 

 For S1 screws, the three structures most com-
monly at risk are the lumbosacral trunk, the 
internal iliac vein, and the sacroiliac joint. The 
internal iliac artery and the obturator nerve are 
considerably anterior to the sacrum and are not 
at risk. The descending colon, protected by its 
mesentery, is not prone to injury at the S1 level. 
Therefore, two safe zones for S1 screw placement 
have been identifi ed (Fig.  36.1 ): The fi rst is bor-
dered laterally by the SI joint. Its medial border 
is delineated by the lumbosacral trunk. The sec-
ond safe zone lies between the sacral promontory 
medially and the internal iliac vein laterally and 
is about 22–27 mm wide. There have also been 
some concerns about the best entry, direction 
and depth for sacral screw insertion. By dissect-
ing the cadaveric specimen, Esses et al. [ 11 ] and 
Mirkovic and co-authors [ 7 ], found that antero-
medial bicortical screw fi xation had a larger safe 
zone compared to anterolateral fi xation. It has 
been reported that screws placed anteromedially 
are stronger than screws inserted anterolaterally 
[ 12 – 14 ]. Clinically, the anteromedial pathway is 
more commonly used for sacral screw fi xation.

       Bone Mineral Considerations 
of the Sacral Fixation 

 Following the popularity of spinal pedicle screw 
instrumentation, much attention has been focused 
on the importance of bone mineral density (BMD) 
for instrumented spine fusion in clinical practice 

[ 15 – 20 ]. Clinical reports have shown that sacral 
screw fi xation has a high failure rate. The fail-
ure of sacral screw fi xation may be due to several 
factors such as inadequate sacral bone purchase, 
inappropriate direction or depth of the screw 
insertion, and bone mineral density variations 
within the sacrum [ 13 ,  21 – 23 ]. Previous studies 
[ 24 – 26 ] employed BMD measurements to obtain 
area density (g/cm 2 ) using dual energy X-ray 
absorptiometry (DEXA), or volumetric density 
(g/cm 3 ) using quantitative computed tomography 
(QCT) (Fig.  36.2 ). QCT is advantageous in that 
it can quantify BMD along the screw insertion 

  Fig. 36.1    Two safe zones identifi ed on the sacrum for 
screw placements. ( a ) Viewed from CT reconstructed 3-D 
model. ( b ) Top view of the safe zones on the sacrum       
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pathway, and is therefore a more accurate tech-
nique than DEXA for measuring the relationship 
between BMD and the strength of screw fi xation 
[ 24 ,  27 ]. Most investigations into sacral BMD 
distributions have been carried out on aged speci-
mens, with only a few studies on young cadaveric 
specimens. Since sacral fi xations are commonly 
applied in patients of young to middle age, BMD 
measurements of young specimens provide clini-
cally relevant data for the assessment and com-
parison of sacral fi xation. In this text, we will 
focus on the BMD variations within the S1 body 
and ala of young patients.

   Based on 13 young adult fresh cadaveric 
sacrum specimens, recent studies [ 27 ,  28 ] 
reported a mean BMD of the S1 vertebral body 
of 381.9 mg/cm 3 , 31.9 % higher than that of the 
sacral ala (mean 296.9 mg/cm 3 ). Table  36.1  and 
Fig.  36.3  list the bone mineral density at differ-
ent regions of the S1 body and ala. There are 
signifi cant differences in BMD, with the regions 
near the lateral posterior and lateral anterior areas 

of the vertebral body having higher BMD. This 
again shows that these areas would provide better 
purchase for pedicle screw fi xation. Furthermore, 
BMD of the posterior region closest to the spinal 
canal was lower than that of lateral and central 
areas. In the ala, the BMD of the internal anterior 
areas closest to the S1 body were the highest with 
a BMD of 326.8 mg/cm 3 .

    The mean BMD at different layers (Fig.  36.4 ) 
of the S1 body and ala has also listed in Table  36.2 . 
The BMD of the fi rst layer in the S1 body, close 
to the superior end plate, was signifi cantly higher 
than the others with a BMD of 516 mg/cm 3 . The 
BMD was lowest in the central layer of the body, 
and increased again towards the inferior endplate. 
This suggests that sacral pedicle screws directed 
close to or cephalad penetrating the superior 
sacral end plate would achieve better purchase. 
In the ala, the BMD of the top layer was high-
est with a BMD of 329 mg/cm 3  and the BMD 
decreased caudally from the top layer.

    Based on the principle that inserting the 
pedicle screws directly penetrating the superior 
endplate should increase the fi xation strength, a 
novel sacral screw fi xation technique has been 
developed recently with good clinical results. To 
support the clinical fi ndings, the mechanical sta-
bility of this technique was conducted afterwards 
[ 29 ]. Following cyclic loading, the mean maxi-
mum insertion torque and mean pull- out force 
were signifi cantly higher for bicortical fi xation 
through the S1 endplate (mean 3.17 N · m and 
1457N) than bicortical fi xation through the ante-
rior sacral cortex (mean 1.98 N · m and 1122N). 
By taking advantage of the density of the upper 
sacrum and the thick cortical endplate of the S1, 
the bicortical S1 endplate sacral  pedicle screw   Fig. 36.2    The sacral specimen in the QCT device       

   Table 36.1    The mean values (SD) of BMD at different columns of S1 body and ala   

 S1 body columns 
 Lateral 
posterior 

 Lateral 
anterior  Middle posterior  Middle middle  Middle anterior 

 The mean values 
of BMD (SD) 

 381.6 (5) a   368.9 (64.8) a   297.6 (102.6) a   372 (93.9) a   351.1 (68.1) 

 Ala columns  Internal 
anterior 

 Internal 
posterior 

 Middle anterior  Middle middle  Middle 
posterior 

 Lateral 

 The mean values 
of BMD (SD) 

 326.8 (12) a   226 (135)  205.4 (69.2)  185.1 (91.1)  182(83.9)  210.1(77) 

   a Signifi cant difference found, Unit: mg./cm 3   

 

36 Biomechanics of Sacral Fixation



472

fi xation technique provided a greater screw inser-
tion torque and a stronger screw fi xation after 
cyclic loading than the conventional bicortical 
anterior cortex fi xation technique. In addition, 
for both fi xation techniques, the screw insertion 
torque was shown to correlate with the screw pull-

out force following cyclic loading,  indicating that 
insertion torque was a good intraoperative indica-
tor of screw pull-out force. 

 Based on the BMD distribution within the 
sacrum [ 13 ,  27 ,  28 ], the recommended screw 
pathway is shown in Fig.  36.5 . Further to radio-
graphs, CT scans, and specimen observation, it 
is suggested that the S1 pedicle screw should be 
directed parallel to the S1 end plate in the sagit-
tal plane, and the ala screw inserted to the tip of 
the ala along the ala slope. The insertion angle 
of the S1 pedicle screw in the transverse plane 
should be between 15° and 25° medially and the 
angle of the ala screw should be 30–40° laterally 
for better bone purchase (Fig.  36.6  from CT). If 
the insertion angle is less than 10° for S1 pedi-
cle screws, the screw will not obtain good pur-
chase on the S1 promontary, leading to a greatly 
reduced purchase of bone and less biomechanical 
stability. On the other hand, if the insertion angle 
for the S1 screw is larger than 25°, the potential 

  Fig. 36.3    Schematic diagram of the front of the sacrum 
showing the fi ve transverse layers. ( 1 – 5 ) Transverse lay-
ers of the front of the sacrum with different resistances       
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  Fig. 36.4    Axial view of seven vertical columns in S1 
body and six vertical columns in S1 ala. The IA and IP 
areas are also defi ned as sacral pedicle,  LA  Lateral 
Anterior,  LP  Lateral Posterior,  MA  Middle Anterior,  MM  
Middle Middle,  IA  Internal Anterior,  IP  Internal Posterior, 
 L  Lateral       

   Table 36.2    The mean values (SD) of bone mineral den-
sity at different layers of S1 body and ala   

 Layers  1  2  3  4  5 

 S1 
body 

 516.1 
(72) a  

 376.9 
(37) 

 342.4 
(56) 

 365.6 
(56) 

 397.5 
(81) 

 Ala  N/A  329.1 
(196) a  

 225.6 
(128) 

 177.4 
(8) 

 142.1 
(63) 

   a Signifi cant difference; Unit: mg./cm 3   

  Fig. 36.5    Schematic diagram of the sacral body, ala and 
pedicle. The pedicle screw pathway and the ala screw 
pathway are defi ned based on BMD measurements       

  Fig. 36.6    CT showing the angles of screw insertion       
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for injury to the spinal cord is higher [ 30 ]. With 
respect to ala screw insertion, Edwards and Louis 
preferred lateral placement into the sacral ala at 
35–45° [ 31 ,  32 ], while Mirkovic and associates 
suggested the screw should be angled at 30–40° 
in order to obtain a better purchase [ 7 ]. If the 
angle of ala screw is greater than 45°, the poten-
tial for lumbosacral trunk injury is high [ 7 ].

    The importance of vertebral bone mineral 
density for screw fi xation has been the subject of 
several studies to determine screw stability and 
predict lumbar vertebrae strength [ 7 ,  11 – 13 ,  20 , 
 33 – 35 ]. Some have suggested that pre-operative 
measurement of BMD is necessary for transpe-
dicular screwing in osteoporotic cases [ 28 ,  36 , 
 37 ]. Other studies [ 20 ,  38 ] found that vertebral 
bodies of human lumbosacral spines had a mean 
BMD of 92 mg/cm 3  and the mean BMD of the 
sacrum was 152 mg/cm 3  for the elderly of mean 
age of 78 years old. Studies also indicated that 
at a QCT BMD value of less than 90 mg/ml, 
early loosening of the screw may be expected, 
while it is less likely with an BMD of more than 
120 mg/cm 3 . The mean BMD from young adults 
with mean age of 31 years was approximately 
2.5 times greater than that in the above men-
tioned group. Since the sacrum mainly consists 
of cancellous bone and the lumbosacral junction 
sustains more load than others above the sacrum, 
failure of sacral screw fi xation can occur without 
signifi cant osteoporosis.  

    Biomechanical Considerations 
of the Sacral Fixation 

    Strengths of Varieties of Fixations 

 The sacral screw can be placed either anterome-
dially through the S1 pedicle into the promon-
tory or anterolaterally into the sacral ala. There 
are a few anatomical and biomechanical studies 
regarding the safety of the screw placement when 
bicortical inseertions are used [ 3 ,  7 ,  21 ,  39 ]. (see 
section above). A variety of fi xation techniques 
and instruments have been designed to improve 
the strength of lumbosacral fi xation [ 8 ,  33 ,  37 , 
 40 – 46 ]. It is assumed that increasing the number 

of sacral screws and using a triangulated inser-
tion technique may increase the strength of pur-
chase for lumbosacral fi xation. A technique with 
a sacral Chopin block using S1 pedicle and ala 
screws with modifi ed CD instrumentation was 
introduced to clinical practice in the early 1990s 
[ 47 – 49 ]. This new technique can theoretically 
increase the strength of fi xation due to the antero-
medial screw and the added ala screw in divergent 
triangular orientation. However, a clinical study 
conducted by Devlin et al. [ 50 ] found that the 
CD system using sacral pedicle and ala screws in 
the deformity correction of adult patients did not 
appear to offer any advantages over alternative 
techniques in achieving arthrodesis. 

 A cadaveric study [ 13 ] using a sacral Chopin 
block with S1 pedicle and ala screws on sacra 
of different age groups evaluated the stiffnesses 
and failure strengths of fi xation under different 
loading conditions. With bicortical screw pur-
chase, the average stiffnesses of single screw 
and two divergent triangulated screw fi xations 
(Fig.  36.7 ) were found to show statistically sig-
nifi cant differences under compression, tension 
and torsion (see Table  36.3 ). With one S1 pedicle 
screw fi xation, the average stiffness was 203 N/
mm for compression, 147 N/mm for tension and 
2 Nmm/deg. for torsion. With two- screw fi xa-
tion, the average stiffness increased to 255 N/mm 
(126 %), 185 N/mm (126 %) and 2.4 Nm/deg 
(120 %) respectively, suggesting increasing the 
number of screws and using a triangulated inser-
tion can increase the strength of fi xation.

    Biomechanical tests have also shown that tri-
angulated double screws instrumented either ante-
riorly or posteriorly, can signifi cantly increase the 
strength of fi xation [ 30 ,  41 ,  51 ]. Ogon and associ-
ates [ 51 ] found that anterior double screw fi xation 
can increase fi xation strength in vitro by 73 %, 
while Ruland and co-authors [ 30 ] found that 
a doubled pull-out strength can be achieved by 
using posterior triangulated CD pedicle screws 
with a transverse plate. By applying the load 
along the screw axis instead of simulating in vivo 
loads perpendicular to the screw axis, Zindrick 
and co-authors [ 52 ] conducted a pullout test to 
compare the strength of screw fi xation in different 
orientations. They found that the  anterolaterally 
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directed screw sustained greater loads to failure. 
In contrast, other biomechanical studies reported 
that anteromedial screw fi xation was signifi cantly 
stronger than anterolateral screw insertion [ 3 ,  21 , 
 37 ,  53 ]. This also correlated with the higher bone 
density of the S1 centrum, which provides a more 
rigid bone screw fi xation [ 21 ]. 

 A negative relation between the specimen 
age and the stiffnesses under different loading 

 conditions has also been found [ 13 ]. Table  36.3  
shows that the younger specimens had signifi -
cantly higher stiffnesses than the aged ones. The 
average failure strength under tension load was 
found to be 1450 N in the younger specimens 
(<30 years), but 980 N in the aged specimens 
(>60 years). Studies have also revealed that the 
bone mineral density is closely related to the 
fi xation strength of transpedicular screws [ 36 , 
 38 ,  52 – 54 ]. Under the same test conditions, it 
was found that fi xation stiffnesses of the aged 
specimens were lower than those of younger 
specimens.  

    Loosening of Sacral Screw Fixation 
Under Fatigue Loading 

 In the early postoperative period, before bony 
fusion has taken place, the mechanical proper-
ties of the fi xation will determine the stability 
of that part of the spine. In some cases, sacral 
screw fi xation may not maintain suffi cient stabil-
ity, eventually resulting in loosening, pull-out, 
screw breakage, or migration. Cyclic loading is 
thought to be the main reason leading to change 
in the biomechanical properties of pedicle screw 
fi xation [ 55 – 58 ] and the major failure mecha-
nism appears to be screw pull-out at the bone-
screw interface [ 50 ,  59 ,  60 ]. While a few studies 
have characterized the effects of cyclic loading 
on pull-out strength of sacral screw fi xation, the 
majority of studies [ 21 ,  53 ,  61 ,  62 ] investigating 
the effects of insertion torque and bone mineral 
density have used single loading to failure by 
compression of the screw head perpendicular to 
the axis of the screw, rather than fatigue loading. 

a

b

  Fig. 36.7    ( a ,  b ) AP and top view of instrumented speci-
men.  Right side  was with one anteromedial S1 pedicle 
screw and left side was a Chopin Block with anteromedial 
and anterolateral (alar) screws       

    Table 36.3    The average stiffness of younger and aged specimens with one and two screw fi xation to the sacrum   

 One screw fi xation  Two screw fi xation 

 Compression 
(mean ± SD) 

 Tension 
(mean ± SD) 

 Torsion 
(mean ± SD) 

 Compression 
(mean ± SD) 

 Tension 
(mean ± S) 

 Torsion 
(mean ± SD) 

 <30 years  220 ± 34  169 ± 24  2.1 ± 0.8  296 ± 43  209 ± 23  2.7 ± 0.6 

 >60 years  179 ± 20  112 ± 19  1.9 ± 0.4  195 ± 23  150 ± 27  1.9 ± 0.3 

 P value  0.003  0.001  0.007  0.001  0.001  0.007 

 Total  203 ± 35  147 ± 35  2 ± 0.6  255 ± 62  185 ± 38  2.4 ± 0.6 

  Unit: Compression = N/mm; Tension = N/mm; Torsion = Nm/deg  
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 Some studies [ 14 ,  63 ] have simulated cyclic 
loading of sacral screw fi xations in young adult 
human specimens to investigate the effects of 
unicortical versus bicortical and medial versus 
lateral screw fi xation on pull-out strength, and 
also the correlation between pull-out strength, 
bone density and insertion torque under fatigue 
condition. In these studies, human sacrums from 
young (24–36 year old) cadavers specimens were 
used. Bone mineral density was measured using 
a peripheral Quantitative Computed Tomography 
(pQCT) machine with a scan slice thickness of 
5 mm. Seven-millimeter Compact CD sacral 
screws [ 47 ,  49 ] were then inserted, randomized 
into four groups according to the combinations 
of orientation (medial or lateral) and fi xation 
(unicortical or bicortical). Screws were inserted 
according to the following depths: unicortically; 
up to but not engaging the cortex (2 mm short 
of the anterior cortex); or bicortically, with the 
threads at least 2 mm anterior to the cortex. The 
screw holes were not tapped, and the insertion 
torque was measured throughout screw inser-
tion using a torque driver. The specimens were 
placed on a servo-hydraulic MTS 858 bionix test-
ing machine and cyclic loading performed with 
the loading axis directed perpendicularly to the 
axis of the screw (Fig.  36.8 ). A rigid linkage was 
used at the screw head, using the CCD rod and 
linkage system. The cyclic loading ranged from 
–40 N to –400 N and was conducted at 2 Hz up to 
20,000 cycles. Following cyclic loading, the spec-
imen was re-oriented in the testing machine, and 
a pull-out test was performed along the axis of the 
screw at a loading rate of 10 N/s until the screw 
was completely pulled out of the sacrum. The 
results from these studies shown that the average 
pull-out force after cyclic loading was 1271N for 
the medial bicortical screw fi xation and 778N for 
the medial unicortical screw fi xation. The average 
pull-out force after cyclic loading was 570N for 
the lateral bicortical screw fi xation and 368N for 
the lateral unicortical screw fi xation. Table  36.4  
lists the all the relevant data from this study. The 
difference between the pull- out force of bicorti-
cal and the unicortical fi xation was highly signifi -
cant for the medial screw fi xation and signifi cant 
for the lateral screw fi xation, showing that depth 

of screw penetration signifi cantly affects the pull-
out force following fatigue loading. The average 
pull-out force was signifi cantly greater for the 
medial bicortical screw fi xation than for both 
bicortical and unicortical lateral (ala) screw fi xa-
tion [ 13 ]. There was also a signifi cant difference 
of pull-out force between the medial unicortical 
and the lateral unicortical screw fi xation. The 
pull-out force following fatigue loading is there-
fore signifi cantly affected by the screw orienta-
tion. The maximum mean insertion torque was 
1.93 N.m for the medial bicortical screw fi xation, 
which was 35 % higher than that for medial uni-
cortical screw fi xation (Table  36.4 ). The insertion 
torque for lateral bicortical screw fi xation was 
50 % lower than for medial bicortical, but there 
was no signifi cant difference between the inser-
tion torque for medial unicortical screw fi xation 
and lateral unicortical screw fi xation. For medial 
screw fi xation, the pull-out force correlated sig-
nifi cantly with insertion torque and BMD. The 
correlation and linear regression between inser-
tion torque and pull-out force are shown in 
Figs.  36.9  and  36.10 , respectively. In this study, 

  Fig. 36.8    Schematic of the specimen loaded in the cyclic 
loading testing apparatus. The lower part of the sacrum 
was embedded in a metal cup fi lled with Epoxy. Cyclic 
axial compressive force was applied to the screw via the 
CCD rod, allowing translation and rotation of the screw. 
Force was measured by the load cell, which was situated 
inferiorly       
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    Table 36.4    Average BMD, insertion torque and pull-out force for the medial and lateral bicortical and unicortical 
screw insertions   

 Orientation  Depth  Number of specimens  Pullout force (N)  Insertion torque (N.m)  BMD of body (g/ml) 

 Medial  Bicortical  11  1271  (449)  1.93  (0.67)  0.38  (0.08) 

 Unicortical  11  778  (443)  1.26  (0.4)  0.4  (0.06) 

 Lateral(alar)  Bicortical  7  570  (194)  0.96  (0.24)  0.24  (0.05) 

 Unicortical  6  368  (171)  0.88  (0.19)  0.26  (0.04) 

  Standard deviations are included in parentheses  

  Fig. 36.9    A plot of 
pull-out force versus 
insertion torque for 
sacral screw insertions. 
Linear regression lines 
for both data sets are 
plotted       

  Fig. 36.10    A plot of 
pull-out force versus 
bone density ( BMD ) for 
medial sacral screw 
insertions. Linear 
regression lines for both 
data sets are also 
plotted       
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the insertion torque also showed a signifi cant lin-
ear correlation with BMD. However, no signifi -
cant linear correlation was seen between pull-out 
force, insertion torque or bone density for lateral 
screw fi xation to the ala. Some authors [ 21 ,  53 ] 
also found the strength of medial screws to be 
stronger than lateral screws under compression, 
both for bicortical and unicortical fi xation, and a 
similar result was found for the pull out strength 
of unicortical screws [ 12 ]. In contrast, however, 
other studies [ 52 ,  54 ] have shown that bicortical 
laterally-placed screws sustained higher pull-out 
loads than medial screws. Based on the anatomi-
cal evaluation [ 7 ], lateral screw placement, if it 
were to engage the anterior cortex (bicortical 
fi xation), carries a risk of injury to either the 
lumbosacral trunk or the internal iliac vein. The 
potential for trunk injury with laterally bicortical 
screws is particularly high (55 %).

      Intraspecimen bone densities and insertional 
torques may account for differences in screw 
fi xation. An in vitro study found the bone min-
eral density in the S1 centrum region to be 56 % 
denser than in the S1 lateral alar region [ 53 ], 
and this is consistent with other results [ 14 ,  21 ]. 
A recent study [ 63 ] further showed the inser-
tion torques for medial bicortical and unicortical 
screw fi xation to be 101 % and 43 % higher than 
the insertion torques for lateral bicortical and uni-
cortical screw fi xation, respectively. The pull- out 
forces sustained by medial bicortical and unicor-
tical screw fi xation following cyclic loading were 
signifi cantly higher than those placed laterally, 
where the BMD and insertion torques are lower. 

 A previous study of the depth of insertion of 
transpedicular vertebral screw [ 37 ] suggested that 
even a 5 mm difference in screw length can pro-
duce a signifi cant increase in bone screw fi xation 
strength in vertebral bone. However, it has been 
reported that in an older population, unicortical 
and bicortical sacral screw fi xations sustained 
similar loads to failure [ 3 ,  5 ,  53 ]. The anterior cor-
tex of the sacrum was found to be anatomically 
thin in the elderly sacrum, and as such has little 
mechanical effect on screw fi xation. For young 
cadaveric specimens, bicortical screw fi xation 
proved to be stronger than unicortical fi xation 
for both medially and laterally placed screws, 

despite the overall screw lengths differing by less 
than 5 mm [ 14 ,  55 ]. Engagement of the anterior 
cortex therefore makes a signifi cant contribution 
to the pull out strength of sacral screw fi xation 
following fatigue loading in younger specimens 
[ 25 ,  64 – 66 ]. 

 Biomechanical fi ndings strengthen the clinical 
use of pre-operative bone density measurement 
in selecting patients who may be candidates for 
sacral screw fi xation, and suggest intra-operative 
insertion torque, insertion depth, and orientation 
as indicators of the fi xation strength.      
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      Current State of Management 
for Osteoporosis and Orthopaedic 
Related Spinal Problems                     

     Ping-chung     Leung    

       The Bone and Joint Decade in year 2000 reported 
that a survey done in the Scandinavian countries 
and New Zealand on the orthopaedic surgeons’ 
awareness of osteoporosis revealed that less than 
20 % of them were knowledgable about this com-
mon condition although they are actively dealing 
with bone and joint problems. One of the impor-
tant tasks for the Bone and Joint Decade was 
therefore, to give priority to osteoporosis in the 
public and professional promotional programs [ 1 ]. 

 The Bone and Joint Decade is coming to an 
end, there is no proper evaluation on the outcome 
of the decade’s efforts. Nevertheless, from my 
personal observations, orthopaedic surgeons 
involved on the front line of osteoporosis manage-
ment and prevention, are still the minority. Most if 
not all, of the major epidermiological studies and 
drug trials on osteoporosis, are still mastered by 
physicians and epidemiologists only [ 2 ,  3 ]. 

 This chapter will be giving a comprehensive 
account of the therapeutic management of 
osteoporosis in its fi rst half, then attempt to 
comment on the current management of the 
osteoporotic spine in the second half. 

    Therapeutic Management 
of Osteoporosis 

    Biological Basis 

 Under normal physiological conditions, the bone 
integrity is maintained through a delicate balance 
of bone formation and bone resorption. When 
nutrition is plentiful and mechanical stimulation 
adequate, osteoblast activities bring about new 
bone formation, while at the same time, osteo-
clasts are responsible for the breakdown of bone 
in bone resorption. There is a delicate balance 
between the build-up and break-down which is 
responsible for bone’s healthy integrity. After the 
age of maximal physical activities bone resorp-
tion tends to become more active, leading to 
osteopenia and later osteoporosis in women after 
menopause and in men 5–10 years later. The 
increased fragility in osteoporotic bone increases 
the susceptibility to fractures. For every 10 % of 
bone lost, the risk of fracture doubles. It has been 
estimated in the United States that the life time 
risk for a woman over 50 years of age to suffer 
from fracture is 45 %, of which hip fractures 
would be around 50 %. Although men develop 
osteoporosis later and to a less severe degree, 
30 % of all elderly hip fractures still happen in 
the male [ 4 ]. 

 With regard to the hormonal and molecular 
biological background of osteoporosis,  declining 
estrogen in paramenopausal women is certainly 
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a major factor. On the molecular side, osteoclasts 
are generated through the activity of a cytokine 
RANK which receives a ligand RANKL, both of 
which are neutralised by another protein mole-
cule osteoprotegrin (OPG). The relative concen-
trations of these protein molecules therefore, 
regulate the production of osteoclasts, hence the 
severity of osteoporosis. The regulation activi-
ties are monitored by mechanisms directly or 
indirectly related to estrogen, including those of 
androgen [ 5 ]. 

 Pathological conditions causing bone loss 
include hyperparathyroidism, hyperthyroid-
ism, Paget’s disease and cancer. Orthopaedic 
practice is more concerned with cancer inva-
sion of bones. The occurrence of cancers 
induces an increase in osteoclast formation 
either manifested as systematic hypercalcae-
mia or locally as bone metastases. Cancer cells 
probably promote osteoclast formation by pro-
ducing parathyroid hormone-related protein 
(PTHrP). The experimental proof of the postu-
lation has been obtained through the neutraliz-
ing effects of antibodies against PTHrP [ 6 ]. 
Cancer cells like those in prostatic cancer, 
metastasing to bone, have been demonstrated 
to possess an accompanying osteoclast compo-
nent which facilitates their establishment and 
expansion [ 7 ].  

    Therapeutic Management 

 Estrogen has been the fi rst agent used to improve 
bone quality after menopause. Evidence of its 
bone protection effects is revealed through its pro-
tection on bone density manifested in radiographs 
and bone mineral density (BMD) screenings. 
Various studies indicated that the improved bone 
quality reduces the fracture risk by over 50 % [ 8 ]. 
The value of estrogen, however, was out-weighted 
by its undesirable side-effects of cancer induction 
on the breast and uterus, as well as its tendency on 
thromboembolic promotion. 

 With the establishment of the knowledge on 
the molecular biology of osteoporosis, it is 

possible to develop, after estrogen replacement, 
other modalities of therapy. Inhibition of bone 
resorption can be achieved through osteoclasts 
reduction, and a control of osteoclast activities 
with therapeutic agents. 

 The search for therapeutic agents with 
estrogenic effects but free from adversely 
affecting target organs of oestrogen revealed a 
group of chemicals known as Surface Estrogen 
Receptor Modulators (SERMS). Such drugs, like 
tamoxifen and raloxifen, attach to estrogen 
receptors tightly so that the cells with the 
receptors are freed from being affected by 
estrogen. One disadvantage of the SERMS is that 
uterine cells might escape their infl uence and 
might even become more prone to cancer 
development [ 9 ]. 

 After the SERMS, the bisphosphonates 
(BPs) are another group of drugs developed for 
the treatment of osteoporosis. BPs are analogs 
of pyrophosphates which concentrate in bones 
inducing effective inhibitions on bone resorp-
tion. BPs were discovered empirically during 
studies of bone mineralization. The mechanism 
of action depends on the inhibition of an 
enzyme farnesyl diphosphate synthase, which 
takes an active part in the osteoclast survival 
and activity. Alendronate was the fi rst BP pop-
ular for the control of bone resorption, lower-
ing of bone turnover, and achieving a positive 
bone balance shown in BMD screening. 
Clinical studies have shown that taking BPs 
achieves about 50 % reduction in fracture of 
the spine and hip. Since then, BPs were further 
developed by offering lower doses and less fre-
quent administrations (weekly, monthly and 
yearly instead of daily) through refi nement in 
the chemical structures. BPs enjoy rapidly ris-
ing popularities because of their safety and 
users’ high compliance. For at least two 
decades, BPs are known to be safe: only mild 
stomach upset and occasional renal and cardiac 
problems are encountered [ 10 ]. However, since 
longer durations of consumption (over 5 years) 
and high doses are given in cancer patients, 
serious problems start to appear in the bones 
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themselves. Avascular necrosis of the jaw 
occurred frequently in cancer patients using 
large doses of BP’s. In orthopaedic practices, 
cases of atypical bone fractures following min-
imal trauma and occurring at odd sites were 
reported after 5–10 years of BP administration 
for the prevention of osteoporosis. The expla-
nations given to such unusual happenings 
include: over- suppression of bone resortpion 
which destroys the normal balance of bone for-
mation and bone loss leading to abnormal 
thickening of bone cortices which fail to 
respond effectively to mechanical stresses 
[ 11 ,  12 ]. 

 Another therapeutic agent that inhibits bone 
resorption by blocking osteoclast activities is 
calcitonin, a hormone from the parathyroid gland. 
This hormone could be extracted from the pig 
and salmon and has been used fi rst in cases of 
Paget’s disease. Calcitonin is available as an 
injection or nasal spray. In cases of osteoporotic 
spine fracture, calcitonin offers a most effective 
option for pain control. One disadvantage of 
calcitonin is its tendency to null its own receptors, 
thus making therapy useless in prolonged 
administration [ 13 ]. 

 Although most popular therapeutic agents 
used for the control or prevention of osteoporo-
sis work via an anti-resorptive pathway, bone 
forming agents are also available. Parathyroid 
hormone is used as an anabolic agent. 
Parathormone should normally causes bone 
resorption and elevation of serum calcium. 
However it is also found to stimulate bone for-
mation provided it is intermittently adminis-
tered. Clinically injections of parathormone 
increases the BMD of the spine and femoral 
necks in osteoporotic women and men [ 14 ] 
which could be maintained for about 18 months 
after which it must be stopped, otherwise bone 
resorption instead would result. 

 Floride treatment markedly increases spinal 
BMD but it unfortunately also inhibits bone 
mineralization and apparently, does not lower 
fracture rates. Approval is therefore not obtained 
in the USA for use of fl oride in osteoporosis. 

Strontium on the other hand, is not only 
supporting bone formation but also mildly 
suppressing osteoclast actvities [ 15 ]. Strontium 
is popular in Europe as a therapeutic agent for 
osteoporosis. 

 Newer therapeutic agents are being investi-
gated and will probably be developed soon, bas-
ing on the understanding of OPG/RANKL 
molecular biology. The complicated balancing 
effects of enzyme actions will open up new path-
ways of therapeutic development which is not 
mature yet. Other targets for inhibiting osteoclast 
activities are also being investigated. Cathepsin 
K is a lysosomal cysteine proteinase expressed at 
high levels within osteoclasts. It therefore forms 
a good target of molecular attack in the attempt to 
block bone resorption [ 16 ]. 

 Orthopaedic surgeons are serving the remedial 
end of osteoporotic complications, i.e., when 
osteoporotic bones fracture. They should be 
aware of the availability of therapeutic options. 
Since the World Health Organisation classifi ed 
declining BMD levels as attritable to “osteopenia” 
and “osteoporosis” [ 1 ], the need to consider 
preventive measures to contain the deterioration 
of BMD loss becomes necessary. Orthopaedic 
surgeons might remain modest to leave the 
general preventive programs to clinicians, 
nevertheless, when fractures have already 
happened, they need to be actively responsible 
for the prevention of future fractures. In that 
regard, orthopaedic surgeons should have an 
update command on the treatment policy of 
osteoporosis treatment. The following sketch 
gives a simple protocol for osteoporosis treat-
ment at different ages (Fig.  37.1 ).

   Apart from the generally accepted policy of 
prevention and treatment, orthopaedic surgeons 
should be able to explain to their patients about 
the adverse effects of different options of therapy 
so as to allow them to evaluate advantages against 
risks. 

 A simple recommendation of the general 
information to be given to patients about the 
adverse effects of therapeutic agents used for 
osteoporosis is given in Table  37.1 .
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        Osteoprosis and the Spine 

 Since Osteoporosis is a pathological feature of 
ageing, how is the spine being affected? What are 
the changes in the vertebral bodies and interver-
tebral discs? [ 17 ] 

 The morphological changes of the osteopo-
rotic spine include a gradual loss of vertical 
height because of micro-fractures of the verte-

bral bodies, and deformities might occur if more 
severe fractures occur, particularly when multi-
ple levels are involved. The osteoporotic spine 
would not respond uniformly to the decline of 
mechanical strength of the supporting vertebral 
bodies, as bone mineral density (BMD) 
decreases. Instead, a number of risk factors 
would be jointly affecting different patterns of 
behaviour [ 18 ,  19 ]. 

   Table 37.1    The adverse effects of therapeutic agents used for osteoporosis   

 Therapeutic agent  Serious adverse effects 

 Oestrogen  ↑ Breast and uterine cancer incidence 

 SERMS  ↑ Uterine cancer incidence 

 Bisphosphonates  Stomach upset, occasional cardiac and renal symptoms 
 Prolonged use might disturb biomechanics of bone remodeling leading to 
odd fractures 
 Avascular necrosis if the jaw happens when massive doses are used 

 Calcitonin  Develops receptor resistance, hence only indicated for short term treatment, 
particularly for pain control resulting from osteoporotic fracture of line spine 

 Parathormone  Only for short term use (18 months) (osteoblastic effects) 

 Strontium  In granule form, mild stomach upset 

 New therapy (OPG/RANKL target 
Growth factors, New Bone 
resortpion inhibition) 

 Not ready for recommandation 

Osteoporosis prevention
T-score >-2.5

Osteoporosis
treatment with or

without
previous fracture

Osteoporosis treatment
with multiple fractures and

at risk for hip fracture

TeriparatideRaloxifene

ET/EPT

50 55 60 65 70 75

Age (years)
ET = Estrogen therapy
EPT = Estrogen plus progestin therapy

80 85 90

Bisphosphonates

  Fig. 37.1    A simple recommendation for the treatment of menopausal osteoporosis       
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 Degeneration is a fact of life. The spine, being 
the major weight bearing pillar of the human 
body, naturally would give prominent manifesta-
tions of degeneration with aging. Loss of bone 
minerals is another sign of advancing age and 
slowing of physical activities. Epidemiological 
studies in the past years have shown the preva-
lence of lumbar spondylosis with increasing age, 
affecting particularly those with a high working 
demand on mechanical stress. The intervertebral 
discs are structurally designed as shock-absorb-
ing units to maintain the weight bearing function 
and in so doing, would be very much affected by 
degeneration [ 20 ]. It has long been known that 
intervertebral discs lose their central fl uid con-
tents with aging, resulting in shrinkage and loss 
of height [ 17 ]. 

 In a study looking at the prevalence of 
osteoporotic vertebral fractures (loss of height) 
among Asians which included Chinese, 
Koreans, Indonesians and Japanese, it was 
found that the risk factors were low BMD, 
maternal history of osteoporosis, older age, 
defective physical ability and the presence of 
cataracts [ 21 ]. In that study the intervertebral 
discs were not assessed. One additional inter-
est could have been: whether the elderly people 
being studied had shrinking discs like the 
degenerative spine. 

 A number of studies aiming at the identifi ca-
tion of risk factors in relation to osteoporotic 
fractures of the spine were available in current 
literature. None of them took special interests at 
the intervertebral discs [ 22 – 25 ]. 

 In fact, it has appeared to the orthopaedic sur-
geon for a long time that although spondylosis 
and osteoporosis of the spine are both degenera-
tive pathologies, they do not co-exist together in 
the same patient. This practical observation has 
not been taken seriously by other experts on 
osteoporosis, although as early as 1991 and 1996, 
reports on such relationship between lumbar 
spondylosis and osteoporosis were already avail-
able. In the recent few years, more clinical stud-
ies were completed on the investigation of the 
relationship between the degenerative and osteo-
porotic spine, and the morphology of the inter-
vertebral discs. 

 Verstraeten and Van Ermen observed that 
osteoarthritis retarded the development of 
osteoporosis in 1991 [ 25 ]. Margulies and Payzer 
made the similar observations on the lumbar 
spine [ 26 ]. In 2003, Dequeker and Miyakoshi 
both reported clinical and research evidences of 
the inverse relationship between degenerative 
and osteoporotic spine [ 27 ,  28 ]. The BMD 
changes (increases) of the spine in relation to 
degenerative changes in elderly women were 
studied by Muraki and Yamamoto in Japan in 
2004 [ 29 ] and the reverse relationship was again 
observed. There should be little doubt today that 
degenerative changes in the spine slows down the 
development of osteoporosis and the BMD is 
also better maintained.  

    Osteoporosis 
and Intervertebral Discs  

 Orthopaedic surgeons, for many years, have also 
observed that for the severely collapsed vertebral 
bodies caused by osteoporosis, the intervertebral 
discs adjacent to the affected vertebral bodies, 
tend to occupy a wider space radiologically. 

 In 2001, we completed a survey on the mor-
phological changes in the spine of elderly 
Chinese women and found that shortening of the 
vertebral bodies co-existed with widening of the 
intervertebral discs. 

 While enlarged intervertebral discs assum-
ingly, could be due to breakage of the end plates 
of the vertebral bodies, leaving vacant spaces to 
be fi lled, but why should the disc, which nor-
mally dry up and shrink with age, expand 
instead [ 30 ,  31 ]? This phenomenon has not been 
explained but increasing interests are mounting. 
In 1998, Harada studied the relationship 
between BMD and intervertebral discs and 
observed decreasing heights with increasing 
BMD [ 17 ]. In 2005, Baron reported disc changes 
in treated and untreated overweight post-meno-
pausal women [ 32 ]. Pye and Reid did the same 
study on men and women with different values 
of BMD. The observation was: wider disc 
spaces accompanied low BMD [ 33 ]. In 2007, 
we reported a modifi ed grading system for 
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 lumbar disc degeneration in elderly subjects 
[ 34 ]. We used this grading system to estimate, 
using MRI, the volume of vertebral bodies and 
discs, which were observed to decrease with 
decreasing BMD: the vertebral bodies strictly 
obeyed this principle while the intervertebral 
disc behaved less impressively. In fact, when 
marked decrease in vertebral heights occurred, 
the disc in-between would even expand [ 35 ]. 

 We did another study using MRI to detect 
disc degeneration in relation to BMD in elderly 
subjects. Among 196 females and 163 males, 
females were found to have more severe 
disc degeneration than males; and lower BMD 
was associated with less severe disc degenera-
tion [ 36 ].  

    Clinical Implications 

 Now that we are aware of the reverse relationship 
between osteoporosis and osteoarthritis of the 
spine, if the molecular causes leading to this 
reverse relationship were known, new treatment 
options for both conditions might emerge. Our 
earlier observations showed that decreasing 
spinal BMD could be related to a decline in the 
blood supply to the bone. Osteoporosis in the 
spine could be involving complex molecular 
changes [ 37 ]. The higher contents of fatty tissues 
within the vertebral bodies in the osteoporotic 
spine further supported the assumption and the 
need for further research [ 38 ]. 

 With regard to the behaviour of the 
intervertebral disc in spinal osteoporosis, are 
there clinical implications? Firstly, to observe the 
progress of the osteoporotic spine, and to 
comment on the prognosis, it is important to 
include an analysis of the intervertebral discs. 
The more changes in the discs, the more collapses 
of the vertebral bodies may be expected. On the 
other hand, the expanded discs should have 
positive effects on the maintenance of the height 
of the individual and might also have symptom 
relieving effects. 

 Secondly, now that vertebroplasty and 
kyphoplasty are getting popular, surgeons should 
be aware that not only are the long-term effects of 

the minimally invasive procedures remain 
uncertain [ 39 ,  40 ] but the morphology of the 
intervertebral discs should have infl uences on the 
behaviour of the adjacent vertebral bodies which 
will be facing the stress-riser challenges of the 
hardened vertebrae after cement injection. This 
issue will be further discussed in the subsequent 
paragraphs. 

 Thirdly, surgeons attempting to perform open 
surgery on the osteoporotic spine should be aware 
of the bizarre morphology of the intervertebral 
discs: some of them undergoing the usual 
degenerative changes while other could be less 
affected and might be even expanded. Without 
the awareness, surgeons might not be able to put 
in implants accurately.  

    Treatment of Osteoporotic Fracture 
in the Spine 

 The vertebral bodies of the spine, because of their 
constant weight-bearing role, must be the most 
frequently affected skeletal units in osteoporosis 
associated with ageing. Fractures of the long 
bones resulting from bone loss have received a 
lot of attention because of the absolute need and 
sometimes, complexity of surgical management. 
When preventive treatment is administered for 
osteoporosis, the main justifi cation lies on the 
reduction of fracture risks related to the hip 
region, while the fractures occurring in the 
vertebral bodies are not of equivalent concern 
[ 41 ]. As a matter of fact, both male and female, 
when reaching elderly age, commonly suffer 
from arthritic changes of the joints, of which the 
spine is also most frequently involved. Pain 
arising from degenerative changes of the spinal 
units cannot be differentiated from that initiated 
by the gradual collapse of the vertebral bodies as 
a result of loss of bone substance. Such back pain 
is usually taken as a fact of life among the 
elderlies, until an acute severe vertebral collapse 
initiates severe pain that demands an imaging 
investigation which will reveal the osteoporotic 
vertebral fracture. 

 An osteoporotic vertebral collapse might be 
the cause of severe back pain that would gradually 
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go away automatically or, at its worst, takes a 
week or two to subside. Hence for the usual 
cases, no specifi c treatment plan is required apart 
from bed rest and simple pain control measures 
[ 42 ]. It is only in recent years, when interventional 
radiography becomes the fashion, that advocates 
on active treatment for osteoporotic vertebral 
bodies develop special techniques to achieve 
more effective pain control and even preservation 
of the vertebral height of the affected vertebra in 
operative procedures of vertebroplasty and 
kyphoplasty. 

 The rationale of either vertebroplasty or 
kyphoplasty is simple. Since vertebral bodies do 
not have a rich supply of sensory nerve fi bres, 
the pain resulting from a osteoporotic collapse 
is due to a variable degree of instability arising 
from the lost height. Therefore preserving the 
vertebral height by using acrylic to fi ll up the 
empty spaces would preserve the stability, 
thence control the pain. Since the procedures 
are gaining higher and higher popularities, we 
would discuss the indications, procedures, justi-
fi cations and adverse effects in detail in the fol-
lowing paragraphs. 

    Indications 

 One has to be very clear about the indications of 
acryllic strengthening of the osteoporotic verte-
bral collapse before starting the special proce-
dure of either vertebroplasty or kyphoplsty. The 
most straightforward indication is uncontrolla-
ble pain in an elderly person who cannot toler-
ate. Reports have indicated that pain control 
could be rapid in a high percentage of cases. 
Secondly, the number of vertebral bodies 
involved would affect the result of treatment. 
Single level gives the best results while more 
levels give uncertain outcome. Other factors 
affecting the results include the technique of 
instrumentation and whether the acryllic could 
stay in the desirable site, as leakage during 
injection tends to be unavoidable. The timing of 
the procedure is also important because late 
administration and chronic cases have been 
shown to be less effective [ 43 ].   

    Technique of Vertebroplasty/
Kyphoplasty 

 Perfect facilities of radio-imaging and spinal 
injection instrumentations should be available. 
The technical team should be experienced with 
minimally invasive procedures, procedures 
related to spinal biopsy or intervertebral disc 
manoevres. The site of entry into the osteoporotic 
vertebral body is the spinal pedicle which can be 
entered unilaterally or bilaterally. The appropriate 
canulla should be chosen to allow suffi cient 
amount of acryllic injection. Since the adequate 
amount of acryllic is essential for the success of 
the procedure, the fl uidity of the acrylic is cruxial. 
Insuffi cient amount of acryllic fails to satisfy the 
fi lling effects to maintain stability. Too much 
amount predisposes to leakage around the 
vertebral body leading to spinal canal obstruction 
or might be even direct invasion of the paraspinal 
venous plexuses. Special acryllic bone cement 
has been created to facilitate vertebroplasty 
injections. 

 The choice of Kyphoplasty is based on the 
assumption that spacing up the fractured space in 
the vertebral body with an infl atable balloon 
would allow the appropriate amount of acryllic to 
be injected so that the preservation of vertebral 
height could be better achieved. This procedure is 
naturally more invasive and technically more 
demanding apart from being more costly [ 44 ]. 

    Outcome of Vertebroplasty/
Kyphoplasty 

 The expected achievements of vertebral 
augmentation include pain relief, vertebral height 
restoration, and better functional outcome. The 
results of various studies have demonstrated that 
in single vertebra augmentation, pain control 
tends to be quicker in at least 80 % of cases in the 
fi rst 6 weeks, after which there is no difference 
with the unoperated patients. There is no obvious 
difference in pain control between the 
verterbroplasty and kyphoplasty groups. The 
effi cacy on pain control cannot be correlated with 
age, sex, BMD, personal habits and medications. 
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Even when there is no height restoration, pain 
control is still achieved. 

 When the vertebral height is assessed for 
restoration after augmentation, it is found that the 
gain in height is limited to 2.9–8.4 mm only. 
Kyphoplasty is usually gaining more than 
vertebroplasty but the difference is not 
remarkable. Looking at the correction of 
angulations resulting from the compression 
fracture, very limited achievements are observed. 
For vertebroplasty, angle correction is 4.3–6°, 
whereas for kyphoplsty, 3.4–9°. 

 Other functional outcomes like ambulation 
ability and hospital stay, also show improvement. 
Over 90 % of patients become ambulatory in a 
shorter period and 40 % have shorter hospital 
stays [ 45 – 48 ].  

    Complications of Vertebroplasty/
Kyphoplasty 

 Percutaneous vertebral augmentation is not 
without danger if one only studies carefully the 
venous anatomy around the vertebral units. Intra- 
operatively, the leakage of acryllic through cracks 
in the fractured vertebral body may lead to 
invasion of the para vertebral venous plexuses or 
leakage into the spinal canal. In the former case, 
cerebral and pulmonary embolism have been 
reported. In the latter, early or late neurological 
damages may result. It has been estimated that 
9–70 % of vertebroplasties and 2–33 % of 
kyphoplasties actually produce intraoperative 
leakage of acryllic outside the collapsed vertebral 
body [ 45 ]. 

 Apart from complications of acryllic leakage 
during operation, other adverse events have been 
reported. They include: rib fracture, spinal 
pedicle fracture, dural tear, epidural haematoma, 
nerve injuries and misplacements. 

 Late complications are related to the change 
of the biomechanical state of the spine after the 
injection. The injected vertebral body is much 
denser and harder than its counterpart above and 
below, thus producing an abnormal state of 
stress-riser. With further decline of BMD in the 
vertebrae as osteoporosis develops further, the 

stress-riser effect is increasing all the time, 
putting extra-mechanical stresses above and 
below. Frankel reported that 12–50 % of 
vertebroplasties and 20–30 % of kyphoplasties 
develop compression fractures in the adjacent 
vertebrae within one year [ 49 ].  

    Selection Between Vertebroplasty 
and Kyphoplasty 

 Advacates on kyphoplasty expect better 
preservation of vertebral heights after 
Kyphoplasty which involves a forced expansion 
of the fracture space. Using a mechanical balloon 
to achieve the expansion is a sound concept. 
However, one could imagine that the limited 
space and the different natures of the vertebral 
compression fractures would be hindering the 
ideal achievement of the operative manoevre. 

 Many comparative studies have already shown 
the following:

    (i)    Both kyphoplasty and vertebroplasty show 
effi cacy in pain control and improvement in 
quality of life.   

   (ii)    Kyphoplasty creates larger space for acryllic 
fi lling, therefore requires less pressure and 
produces less leakage.   

   (iii)    Kyphoplasty produces better height 
restoration.   

   (iv)    Both kyphoplasty and vertebroplasty 
achieve little angulation correction.     

 However the difference between the two 
procedures are not impressive, neither are the 
long term results after 1 year [ 50 ,  51 ].  

    A Correct Attitude on Vertebral 
Augmentation 

 One controversial area still exists in spite of the 
growing popularity of vertebral augmentation. 
Osteoporosis affecting the BMD of the vertebral 
bodies is a slow continous process, that affects all 
levels although some of the more stress-bearing 
levels tend to be more affected than others. After 
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strengthening and stabilizing one fractured 
vertebral body, is the same procedure to be 
repeated when other levels suffer the same 
hazard? On the other hand, it is also well known 
that vertebral compression fractures do not cause 
too much instability and the most bothering 
symptom, viz, pain, generally disappear gradu-
ally with time. Is surgical intervention really 
necessary? 

 Two clinical studies have been started to 
investigate whether acryllic fi lling, i.e. 
vertebroplasty, has advantages over conservative 
treatment of active observation and symptomatic 
treatment. The fi nal analysis will throw light on 
the available procedures of vertebral 
augmentation, which, though “non-invasive”, is 
not without complications [ 39 ,  40 ]. 

 Before the objective answer becomes clear, 
orthopaedic surgeons should not be over-
whelmed with a “new” option for treatment of 
osteoporosis which is a continuous physiologi-
cal process. At the present stage, they may 
carefully review the indications known to be 
giving the best outcome in the short term. 
Table 2 gives a summary of the recommenda-
tions. (Table  37.2 )

   Uncertainties related to vertebral augmenta-
tion need to be addressed. We are yet uncertain 

about the favourable age range, number of verte-
bral units, that can be safely injected, types of 
fracture and BMD levels that would do better 
with augmentation. Neither are we clear about 
the morbidities and even mortality related. 
Moreover, we remain skeptical about “prophy-
lactic” augmentation. 

 On the other hand, we are aware that interest-
ing research on bio-engineering, including spe-
cial acryllics that would allow easy injection, 
fi rmer consolidation to bone texture is in prog-
ress. Results of vertebral augmentation may be 
improved with the better injection maternal, 
which might also be mixed with hydroxyapaptite 
and bone substitutes.   

    Conclusion 

 Osteoporosis is a physiological process in the 
bones happening in aging. We worry about the 
complications which are the occurrence of 
fractures. We have, to date, means to slow 
down the physiological process which is los-
ing its balance with aging. We do this by either 
slowing down the bone loss or increasing the 
bone regeneration. These artifi cial means, 
apart from fulfi lling their specifi c mechanistic 
tasks, unfortunately also interfere with the 
normally active remodelling power of the 
bone, thus giving real worries when long term 
administration is required. 

 Fractures in the elderlies result from a vari-
ety of predisposing conditions of which the 
important ones like declining general phy-
sique and balancing power, medication, unfa-
vourable physical environments, could be 
more important than a declining BMD. It is 
therefore in-correct to rely solely on the BMD 
level to consider drug treatment as the only 
means of fracture prevention. One must real-
ize that what the reports refer to as reduced 
percentages of fracture risks are overall gen-
eral statistical messages that might not apply 
to the individual who is under his/her own per-
sonal risks of fracture development. In the 
planning for prophylactic treatment therefore, 
one must weigh the general benefi ts of the 
therapy against the possible complications 
and avoid being over-energetic. 

   Table 37.2    Recommendations for vertebral augmentation   

 More favourable results are expected with the 
following: 

   Single unit, T11 – L2 

   Single Burst fracture, mild 

   Anterior wedging >30° 

   Progressive collapse 

   Conservative treatment failed badly 

 Essential requirements are: 

   Excellent fl uoroscopy 

   Accurate cannula placement 

   Prevention of infection 

   Good cement contrast 

   Ba SO4 30 % Wt/val. to PMMA could be 
considered 

 Accurate volume of cement injection must be 
accomplished 

   Slow injection 6–8 min (sets in 20 min) 

   Low injection Pressure (90 % strength in 60 min) 
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 On the other hand, some orthopaedic sur-
geons receive osteoporotic fracture patients, 
give them adequate surgical treatment and yet 
hesitate to suggest therapeutic means to slow 
down the declining BMD with the aim of pre-
venting another fracture. Under such circum-
stances, since the osteoporotic fracture already 
happened, one expects a rapid decline of the 
general physique which will be a real high risk 
predisposing to unexpected falls, thence bone 
fractures. Under such circumstances, harden-
ing the bones should be a real logical consid-
eration helpful to the prevention of another 
fracture. 

 When compression fractures in the verte-
bral bodies have occurred as a result of loss of 
bone substance, they frequently escape the 
attention of both the patient and attending phy-
sician unless pain becomes prominent. When 
the fracture becomes known, two opposing 
attitudes are prevalent: either staying conserva-
tive and keep waiting for spontaneous disap-
pearance of pain, or hurrying to interventional 
surgical treatment. The responsible surgeon 
should not forget the analgesic effect of calci-
tonin for osteoporotic vertebral fractures. Only 
if pain control is unsatisfactory and interven-
tional imaging facilities are available, the 
option of minimally invasive surgery, viz ver-
tebroplasty/kyphoplasty, could be considered. 
Nevertheless, since the long term outcome of 
the augmentation procedures are yet uncertain, 
surgical intervention should be kept as a last 
resort, rather than a routine, practice.     
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      Optimised Treatment of Hip 
Fractures                     

     Karl-Göran     Thorngren     

          The Future Problem 

 Fractures of the proximal part of the femur, hip 
fractures, are common and costly. The number of 
hip fractures has increased in all western countries 
during recent decades. This has occurred mainly 
because of an increase in the number of elderly 
people and also due to an increase in the risk for 
hip fracture among the oldest persons [ 1 – 5 ]. Due 
to an increase in ageing population all over the 
world there will be a geographical shift in the 
occurrence of hip fractures. The incidence rates of 
hip fractures are higher in white populations than 
in others and vary by geographical region. Age 
adjusted incidence rates of hip fracture by gender 
are higher in Scandinavia than in North America 
and lower in countries of Southern Europe [ 6 , 
 7 ]. The absolute number of hip fractures in each 
region is determined not only by ethnic composi-
tion, but also by the size of the population and its 
age distribution. In 1990 one third of all hip frac-
tures in the world occurred in Asia despite lower 
incidence rates among Asians. Almost half of 
the fractures occurred in Europe, North America 
and Oceania. These populations are smaller but 
older. It was estimated in the beginning of the 
1990s that 323 million people aged 65 years and 

over were living around the world. This has been 
estimated to increase to 1555 million by the year 
2050 [ 8 ]. The increase will be especially high 
in Africa, Asia, South America and the Eastern 
Mediterranean regions. In USA demographic 
changes alone will more than double the number 
of hip fractures from 238,000 1986 to 512,000 in 
the year 2040 [ 8 ]. In another publication [ 9 ] the 
340,000 hip fractures around year 2000 will 
increase to 650,000 in the year 2050. It has been 
calculated that the now close to two million hip 
fractures in the world could rise to over six mil-
lion in the year 2050. Of these then 71 % is calcu-
lated to be in Africa, Asia, South America or the 
eastern Mediterranean region [ 10 ]. 

 Already today hip fractures are highly resource 
consuming and strenuous for the organisation of 
medical care. Optimised methods for operation 
and rehabilitation along with preventive mea-
sures are necessary to cope with this increasing 
problem, otherwise it can become overwhelming.  

    Fracture Types 

 Hip fractures consist of different types in the 
proximal femur. It is very important whether the 
fracture is located in the femoral neck (cervi-
cal fracture, intracapsular) or through the parts 
of the proximal femur which constitute muscle 
insertions (trochanteric fractures, extracapsu-
lar) because both the treatment and the cause of 
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 healing are different [ 11 ]. Cervical fractures are 
best classifi ed into undisplaced (Garden I and II) 
or displaced (Garden III and IV) [ 12 ]. Other sub- 
grouping has proven diffi cult to reproduce [ 13 ]. 
The trochanteric fractures are for routine use best 
classifi ed into two-fragmented fractures (stable) 
or multi-fragment fractures (unstable). The baso- 
cervical fractures are a transition form between 
cervical and trochanteric fractures. They are usu-
ally treated as trochanteric fractures, but can in 
some cases have healing complications similar to 
the cervical ones. Sub-trochanteric fractures are 
more comminuted and include the area down to 
5 cm below the trochanter minor. 

 The blood supply to the femoral head is 
often damaged after cervical fractures, because 
the vessels either penetrate within the marrow 
cavity or are positioned sub-periosteally on the 
femoral neck. Varying degree of vascular damage 
caused at the fracture moment will give varying 
amount of healing complications. The extracap-
sular trochanteric fractures have good vascular 
supply and few healing complications. Some of 
them are however very shattered with stability 
problems. Different systems for a more detailed 
classifi cation of the fractures exist, but these are 
best suited for specialised research projects, as 
the reproducibility has been a major problem. 
In the Swedish national registration of hip frac-
tures (RIKSHÖFT) Table  38.1  shows the fracture 
types registered based on 170,000 cases.

   The diagnosis of a hip fracture is made by 
ordinary x-ray. On these pictures also the frac-
ture type is classifi ed. It also gives information 
about circumstances that can infl uence the choice 
of operation method, i.e. earlier performed opera-
tions. It can also disclose a pelvic fracture, which 
is a common differential diagnosis for pain from 

the hip area in elderly patients after a fall. All 
patients with pain from the hip after a fall, who 
have a normal, ordinary x-ray should be further-
ing diagnosed with MRI. It can usually disclose 
undisplaced hip fractures with risk of displace-
ment and potential functional problems. It is also 
good for diagnosing undisplaced pelvic fractures, 
which are not uncommon in the pelvic rami in 
these age groups. If there is no access to MRI 
also a CT can disclose fractures, but not totally 
dismiss the suspicion. Scintigraphy performed 
after a couple of days can strengthen the frac-
ture suspicion if positive with a localised high 
uptake. In lack of all these facilities mobilisation 
with weight bearing under supervision is a pos-
sibility with repeated x-ray check-ups, but it is a 
rather costly way of treatment as the patient usu-
ally has to be put into a hospital ward. MRI has 
proven particularly valuable for acute diagnosing 
of undisplaced fractures, which are not possible 
on ordinary x-ray. On the STIR-sequence an 
increased signal in the bone marrow is seen and 
on T1-weighted pictures the fracture oedema is 
seen as a dark line against a light background of 
trabecular bone marrow. 

 Already in the pre-operative course increased 
attention should be given to the pain relief of 
the patient, prevention of pressure sores and an 
early handling for rapid operation. The treat-
ment should aim at operation as soon as possible, 
immediate mobilisation on the next day with full 
weight bearing as much as can be tolerated from 
pain, but no limitations in weight bearing due to 
fear of instability in the osteosynthesis. Only in 
certain very comminuted pertrochanteric or sub-
trochanteric fractures non-weight bearing should 
be recommended. In the other cases, particularly 
the femoral neck fractures, an early weight bear-
ing is a test of the stability of the osteosynthesis 
and a failure can then be rapidly followed with a 
re-osteosynthesis or with a hip arthroplasty. 

 For the fracture types listed above the two major 
controversial areas are the displaced femoral 
neck fractures and the trochanteric multifragment 
fractures in combination with subtrochanteric 
fractures. The cervical displaced fractures are a 
combined biological and biomechanical problem 
due to the infl uence of the blood supply to the 

   Table 38.1    Fracture types registered based on 170,000 
cases in the Swedish national registration of hip fractures   

 Type I  Undisplaced cervical fractures  16.1 % 

 Type II  Displaced cervical fractures  36.3 % 

 Type III  Baso-cervical fractures  3.6 % 

 Type IV  Trochanteric two-part fractures  22.6 % 

 Type V  Trochanteric multi-fragment 
fractures 

 14.6 % 

 Type VI  Sub-trochanteric fractures  6.8 % 
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healing whereas the trochanteric/subtrochanteric 
fractures are predominantly a biomechanical sta-
bility problem due to the good vascularisation of 
the bone fragments. There are different philoso-
phies for the treatment of these different fracture 
types, which will be further discussed below. It is 
possible to determine the circulation to the femo-
ral head with high accuracy with the use of scin-
timetry, but this is resource consuming and also 
tends to delay the operation. MRI, probably with 
contrast, will possibly in the future become avail-
able, as a routine tool for the choice of operation 
method for femoral neck fractures, but these tech-
niques are not yet developed.  

    Cervical Fractures 

 The blood supply to the femoral head after a 
cervical fracture has a decisive importance for 
the healing. The healing complications after a 
cervical fracture consist either of re-dislocation 
(early change of position) or pseudarthrosis (non- 
healing) or segmental collapse (femoral head 
necrosis after a healed fracture) [ 14 – 16 ]. A seg-
mental collapse is thus re-building of the femoral 
head after vascular damage and needs a healed 
fracture for the vessels to grow in. At present 
there is no practical useful method to determine 
the blood circulation pre-operatively. The degree 
of dislocation of the fracture on an ordinary x-ray 
picture is not prognostically suffi ciently accurate. 
Preoperative scintimetry is resource consuming, 
depending on the positioning of the leg and delays 
the operation. MRI is not yet developed for this 
purpose. The goal for the future and a very impor-
tant area for research is to be able to prognosticate 
the healing complications already pre-operatively 
and based on that choose the primary method for 
operation. Patients with a good blood supply to 
the femoral head should then get a primary osteo-
synthesis and those with a clearly bad circulation 
instead a primary arthroplasty. In waiting for this 
diagnostic possibility the choice of operation 
method will be dependent on the grade of dislo-
cation seen on the x-ray picture combined with 
the age of the patient, the patient’s other medical 
conditions and her functional level pre-fracture. 

    Undisplaced Cervical Fractures 

 These have little or no displacement of the frac-
ture and usually very little risk for vascular dam-
age to the femoral head and thereby little healing 
complications. This group of cervical fractures 
contains the Garden groups I and II [ 12 ]. Primary 
operation with osteosynthesis is advocated all 
over the world. The most used methods are either 
two or more parallel screws or two hook pins. 
The screws mostly differ by modifi cations of 
the confi guration of the screwing in the top part 
[ 11 ,  17 ]. A few centres have tried not to oper-
ate some undisplaced fractures [ 18 ]. This leads 
to increased risks of dislocation and thereby a 
prognostic deterioration for the healing. Non-
operative treatment also demands non- weight 
bearing and increased check-ups, both clinically 
and with radiography. It is a much safer method 
to operate the fracture and allow the patient full 
immediate weight bearing [ 19 ].  

    Displaced Cervical Fractures 

 These fractures have been the area of continu-
ous disagreement for the last half century. Slowly 
more agreement is reached. There is a geographi-
cal difference internationally concerning the 
treatment principles for the displaced cervical 
fractures. In Scandinavia, particularly in Sweden 
and Norway, primary osteosynthesis has been 
performed in all cases with displaced cervical 
fractures. The basic philosophy has been to per-
form a small, quick and for the patient less bur-
dening operation fi rst and in the case of a healing 
complication later as a secondary procedure do a 
well-planned arthoplasty. This is usually then per-
formed as a total hip arthroplasty where both the 
femoral and the acetabular parts are exchanged. 
It is an undisputed fact that the best long-term 
result after a femoral neck fracture is a healed 
fracture and preservation of the patient’s own 
femoral head provided no segmental collapse 
appears. This will give no future problems. An 
arthroplasty always has the risk of dislocation in 
the short time perspective and in the long run the 
risk of loosening and for the hemi-arthroplasties 
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also by the years deterioration of the acetabular 
cartilage. When a patient has been operated with 
an osteosynthesis and 2 years has passed since the 
fracture and this is healed without complications, 
there is little risk of further problems from this 
hip [ 11 ,  20 ]. Some patients however never regain 
the full functional level that they had before the 
fracture. The complications after an arthroplasty 
increase after 5–10 years and this risk has to be 
balanced against the expected remaining lifetime 
for the patient [ 21 ]. Therefore arthroplasty is 
used mainly in elderly patients with clearly dis-
placed fractures. 

 Internationally in many western countries 
the primary choice for a displaced femoral neck 
fracture is to perform an arthroplasty. This basic 
principle has been to treat all patients with arthro-
plasty to avoid healing complications in some. 
The treatment philosophy is now modifi ed and 
an increasing amount of primary osteosynthe-
ses is performed above all in relatively younger 
patients and those with less severe dislocation. 
Many studies have shown somewhat increased 
mortality after primary arthroplasty compared to 
primary osteosynthesis [ 11 ,  21 ,  22 ]. At the same 
time studies have shown a higher need of re-oper-
ation after the primary osteosynthesis within the 
fi rst 2 years after the fracture compared to after a 
primary arthroplasty. The complications after a 
primary arthroplasty develop later and also a re-
arthroplasty is a bigger operation and has more 
inherited complications than a secondary arthro-
plasty after a failed primary osteosynthesis [ 17 ]. 

 The international literature shows that healing 
problems due to vascular damage of the femoral 
head by the displaced cervical fracture leads to 
non-union in 10–30 % of the cases and segmen-
tal collapse in further 10–20 % of cases. With an 
optimised osteosynthesis technique the healing 
complications (both non-union and segmental 
collapse) has been limited to in total 20–25 % for 
the displaced cervical fractures [ 20 ,  23 ]. 

 Primary arthroplasty results in dislocation in 
around 4 % of the cases with hemi-arthroplasty 
and in 10 % with total hip arthroplasty. Infection 
consists of 2–5 %. Following a hemi-arthro-
plasty around 20 % of the cases in the long run 
develop wear and deterioration of the acetabular 

 cartilage. Loosening is expected in around 10 % 
of the cases. Fracture in connection with the 
arthroplasty amount to 2–4 %. Re-operation with 
arthroplasty after a primary osteosynthesis has 
been reported to 20–30 % of the displaced cervi-
cal fractures. A major re-operation within the fi rst 
years after a primary arthroplasty is expected to 
be needed in around 10 % of the cases. These are 
then rather complicated operations [ 11 ,  17 ,  21 ]. 

 Unipolar hemiarthroplasty or a total hip 
replacement give better functional results within 
the fi rst 2 years than a primary osteosynthesis. 
A total hip arthroplasty or a bipolar hemiarthro-
plasty probably gives better functional results 
after 2 years than a unipolar hemiarthroplasty. 
Cemented stem gives better outcome than unce-
mented. Uncemented cup is not recommended to 
these osteoporotic patients [ 11 ,  16 ]. 

 Randomised studies have been performed both 
in Sweden and abroad to improve the criteria for 
the choice between a primary osteosynthesis and 
a primary arthroplasty [ 24 – 27 ]. Most of these 
studies have shown relatively high number of 
complications for osteosynthesis when compared 
with previously published consecutive series dur-
ing the last decades [ 20 ,  23 ]. A differentiated 
treatment protocol results in fewer re-operations 
[ 15 ,  16 ,  28 – 30 ]. 

 Based on the results of these randomised stud-
ies the treatment policy in Sweden has changed 
during the last decade so the most displaced 
fractures in elderly patients now in increasing 
amount receive a primary arthroplasty. A primary 
arthroplasty is advocated if the cervical fracture 
is clearly displaced with lack of continuity both 
on the frontal and the side view, particularly in 
patients with high degree of osteoporosis. Also 
the patient should have been walking prior to the 
fracture. The age should be above 70–75 years, 
where biological age is more important than 
chronological. Irrespective of the patient’s age 
the primary arthroplasty is recommended in cases 
with disease to the hip joint such as rheumatoid 
arthritis or a pathological fracture secondary to 
malignancy or other destruction of the hip joint; 
e.g. after infection. Also a lately diagnosed frac-
ture is indicated for arthroplasty, particularly if 
the scintimetry has shown a low uptake. Arthrosis 
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in the fractured hip joint is also an indication for 
primary arthroplasty. The primary arthroplasty 
is however not recommended in patients with 
severe dementia, bedridden patients or patients 
with bad muscular function due to the increased 
risk of dislocation. 

 The tendency internationally now aims at a 
differentiated treatment protocol according to 
the principles given above. In waiting for bet-
ter diagnostic possibilities of the circulation to 
the femoral head, the principles indicated will 
probably result in that two thirds of the displaced 
cervical fractures will be operated with primary 
osteosynthesis and the other third with a pri-
mary arthroplasty, then preferably a bipolar with 
cemented stem.  

    Timing of Operation 

 Hip fracture patients should be operated as soon 
as practically possible. Directly life threatening 
conditions must of course have priority before 
the hip fractures, but these elderly patients will 
have a prolonged rehabilitation and functional 
less optimal result if the time between arrival to 
hospital and operation is unnecessarily delayed. 
This in turn leads to more complications and 
inactivity in these elderly persons. It can also 
generate increased nursing needs with great eco-
nomic consequences. The goal is to operate the 
patient on the day of arrival and at latest within 
24 h. If the patient is operated with osteosynthe-
sis within 6 h from the fracture it has been shown 
that the risk for blood circulation disturbance to 
the femoral head and thereby following healing 
complications diminish [ 31 ]. 

 Apart from being strenuous for the patient due 
to pain and immobilisation a delay of the opera-
tion is associated with increased morbidity and 
mortality. A delay of more than 24 h between 
arrival to hospital and osteosynthesis of the frac-
ture has shown association to increased mortal-
ity. Lower mortality has been shown when the 
operation was performed within 12 h. If a delay is 
unavoidable the time should be used to improve 
the general condition of the patient, particularly 
the fl uid balance [ 16 ,  17 ,  21 ].  

    Practical Considerations at Operation 

 Osteosynthesis for cervical fractures is performed 
with the use of a fracture table allowing traction 
under the image intensifi er. Preferably a bipla-
nar image intensifi er is used. It is wise to super-
vise the transferring of the patient to the fracture 
table, as the injured leg has to be treated with 
great care to prevent fracture displacement occur-
ring or damage to the retinacular vessels. A man-
ual traction on the leg straightening it out during 
transfer is advisable. Also to reduce the risk of 
pressure sores padding should be applied to any 
area of pressure such as around the feet, sacrum 
and groin. The uninjured leg should be fl exed and 
abducted as much as possible. Positioning of the 
image intensifi er is easier if the hip and knee are 
fl exed to 90° on the uninjured side (Fig.  38.1 ). A 
displaced cervical fracture is reduced by longi-
tudinal traction followed by inward rotation. A 
biplanar image intensifi er has the advantage that 
after positioning of the equipment no further 
movements of the stand or tube are necessary, 
which thereby avoids jeopardising the draping 
and thereby the sterility. The shifting between the 
views is done on the monitor with a foot pedal, 
which considerably saves operation time. Also 
the easy rapid shifting between the positions 
increases the precision in the positioning of the 
osteosynthesis material. The importance for the 
circulation to the femoral head of a low traumatic 
operating technique has been proven [ 32 ]. The 
channel should be pre-drilled and hammering in 
of osteosynthesis material avoided. Also impac-
tion of the fracture by hammering increases the 
damage of the circulation to the femoral head. 
The best way to achieve compression in the 
fracture is by the patient’s own muscle forces at 
weight bearing. For undisplaced fractures early 
surgery will allow aspiration of any haematoma 
within the joint capsule. This may reduce the risk 
of avascular necrosis caused by ischaemia from 
a tamponade effect on the intracapsular vessels. 
Cervical fractures are operated with parallel pins 
or screws to allow axial compression along the 
axis of the femoral neck perpendicular to the 
fracture line when the patient is weight bearing. 
This is a physiological way of compressing the 
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fracture. To prevent slipping out of the osteosyn-
thesis material they are either threaded as screws 
or have a hook that can be pressed out through 
a central canal. To facilitate parallel positioning 
most devices are cannulated and have instru-
ments to enable parallel placement. The most 
commonly used methods of fi xation are two or 
three parallel cancellous screws, two parallel 
hook pins or a dynamic hip screw. The blood cir-
culation to the femoral head via the capsule ves-
sels along the femoral neck is vulnerable. Sudden 
forceful movements of the hip during reduction 
or excessive traction causing fracture diastasis 
may damage the femoral head circulation. The 
fracture is usually reduced by applying trac-
tion to the outstretched leg, followed by internal 
rotation. These manoeuvres should be checked 
throughout the procedure in both the lateral and 
the anterior-posterior radiograph using the image 
intensifi er which should have a large fi eld of view 
and a good resolution facility. The reduction 
manoeuvre is begun by using the fracture table 
to apply gentle traction to the leg, progressively 
while checking in the AP radiograph. Traction 

is applied until the medial parts of the femoral 
neck, the calcar region, are approximated with 
anatomical contact between the bone ends. Next, 
the lateral view is obtained and the foot is rotated 
inwards until the dorsal angulation of the femo-
ral neck fracture has been counteracted. This part 
of the manoeuvre can be likened to closing an 
open book. The aim is to restore the alignment 
of the femoral neck such that a straight line can 
be drawn to bisect the femoral head, trochanteric 
region and shaft. It is essential that there is no 
residual fracture angulation, as this will increase 
the risk of re-displacement of the fracture .  Quite 
frequently there is need to apply more than 90° of 
inward rotation to achieve reduction. Small cor-
rections with ab-adduction and sometimes eleva-
tion of the leg may also be needed to obtain an 
anatomical reduction. Following the reduction 
maneuver it is advisable to slacken the traction 
somewhat. This allows some impaction to occur 
at the fracture site and reduces the risk of the 
femoral head rotating during drilling.

   Open reduction is very seldom indicated. Only 
in very young patients it can be tried and then 

  Fig. 38.1    Positioning 
of biplanar image inten-
sifi er. Patient supine on 
traction table       
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combined with insertion of a pedicle graft con-
sisting of a piece of bone with a muscle bridge 
which is implanted into the fracture site. In all 
middle aged and older patients the alternative is 
rather a total hip arthroplasty if there is inability 
to obtain an adequate closed reduction. This is 
also advisable if the fracture is more than 1 week 
old or if there is early re-displacement following 
internal fi xation.  

    Positioning of Two Hook Pins or 
Screws 

 Commonly used screws are the Garden screws, 
Asnis screws, Uppsala screws and AO screws. 
In Sweden and Norway the Hansson hook pins 
are widely spread. The screws and pins usually 
are about 7 mm in diameter and inserted parallel 
to each other. The aim is to create a three point 
fi xation, where the fi rst point is the entry hole for 

the fi rm lateral cortical bone, the second point is 
the pin lying on the calcar inferiorly or posteri-
orly within the medullary cavity of the neck and 
the third at the subcondral bone plate (Fig.  38.2 ). 
The lateral skin incision should be extended dis-
tally from a point about 2 cm distal to the greater 
trochanter for a length of about 5 cm. The exact 
positioning of the incision is best located using a 
guide wire or other radiopaque object on the skin 
surface and screening with an image intensifi er 
in the AP view. After skin incision a guide wire 
is introduced. The inferior pin should be inserted 
through a drill hole at the level of the middle/
lower part of the lesser trochanter. If the drill hole 
is situated distal to this point there is increased 
risk of fracture of the femur through the distal 
hole. The distal pin should rest along the calcar 
femorale and go up into the femoral head until 
2–3 mm from the joint line (Fig.  38.3 ). While 
introducing the Kirschner wire the position is 
repeatedly checked with an image intensifi er in 

a b c

  Fig. 38.2    Positioning of osteosynthesis material for 
hook pin osteosynthesis after anatomical position of fem-
oral neck fracture. ( a ) Anterior/posterior view drawn as 

seen in image intensifi er. ( b ) Lateral view as seen in image 
intensifi er. ( c ) Lateral view as seen at the operation       
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the AP and lateral planes. On the lateral view 
the guide wire should appear within the centre 
of the femoral head and neck. The second, proxi-
mal guide wire is then placed in a position paral-
lel to the fi rst one. It should be as spread apart 
as possible from the lower one in the femoral 
neck. When three screws are used, for example 
of Asnis type [ 33 ], a triangular pattern is recom-
mended for undisplaced or impacted intracapsu-
lar fractures. For displaced fractures four screws 
in a diamond pattern is suggested. This is said 
to give better rotatory stability. Impaction along 
the femoral neck combined with a minor rotation 
gives somewhat angulation of the osteosynthesis 
material, but still allows further impaction when 
two pins are used (Fig.  38.4 ).

         Considerations at Arthroplasty 

 The hip fracture patient is usually a woman with 
osteoporosis and short statue. Extra care should 
be taken not to cause perforation of the acetabu-
lum by reaming for a total hip arthroplasty or 
by causing a femoral shaft fracture. Smaller 

sizes of the arthroplasty are usually needed. 
Postoperative direct weight bearing should be 
allowed and postoperative restriction should be 
kept to a minimum. Capsulectomy should be 
avoided to prevent postoperative dislocation and 
a posteriolateral exposure is usually favoured 
due to limited tissue dissection needed, which 
give shorter operation times and less blood loss. 
The abductors are not damaged by this approach 
and there is a lower risk of femoral penetration. 
This exposure has been said to have a somewhat 
higher risk of dislocation and the sciatic nerve 
must be carefully watched to prevent damage. 
Anteriolateral approach is possible to have a 
lower risk of dislocation, but has the disadvan-
tage of a greater tissue dissection and a more 
restricted access for positioning of straight long 
stem arthroplasties. If a hemiarthroplasty is to be 

  Fig. 38.3    Hook pin osteosynthesis       

  Fig. 38.4    Drawing of hook pin osteosynthesis after 
weight bearing. An axial somewhat rotational compres-
sion often occurs resulting in physiological impaction of 
the fracture and some angulation of the pins still allowing 
further axial compression       
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used special care is necessary not to damage the 
acetabular cartilage. Forceful movements and 
hammering should be avoided and the femur is 
preferably prepared only by handheld reamers. 
Cementation of the femoral shaft gives better 
results than the uncemented classical Austin- 
Moore prosthesis. There is concern about less 
tolerance of these elderly patients to the cemen-
tation procedure so pulse and blood pressure 
should preferably be monitored and excessive 
pressure should be avoided even if modern 
cementing techniques are recommended. There 
is a risk of cardiac arythmia and low blood pres-
sure during the insertion of the cement. To pre-
vent this a venting catheter to allow air to escape 
from the femur during cementation and cortisone 
intravenously have been tried. There are no regu-
lar studies to approve this. 

 Depending on the patient’s biological age and 
activity level before the fracture different types of 
arthroplasty are chosen. Usually an ordinary one 
block hemiartroplasty is chosen for the oldest and 
most disabled patients, whereas a bipolar hemiar-
throplasty is used for somewhat younger and fi t 
patients and a total hip arthroplasty is given to the 
youngest and healthiest patients [ 16 ,  34 ].   

    Trochanteric Fractures 

 In trochanteric fractures the circulation to both 
bone ends is undamaged and healing complica-
tions are much less usual than for the cervical 
fractures. Instead osteoporosis increases the risk 
of fragmentation in trochanteric fractures. A 
minor part of the trochanteric fractures can be 
so comminuted that early direct weight bearing 
is hindered. The most widely spread operation 
method is a sliding screw plate (Fig.  38.5 ). It is 
a method that is fairly easy to teach on a large 
scale and has few complications. Modern metal 
techniques withstands metal fatigue unless in 
cases with longstanding pseudarthrosis where a 
metal plate fracture can occur, usually after 6–12 
months. During the last decade short intramedul-
lary devices have been introduced as alternatives 
to the screw plate (Fig.  38.4 ). The postulated 
advantages are shorter operation time, less bleed-
ing due to other exposure and a biomechanically 

shorter lever arm for weight bearing on the osteo-
synthesis material. Randomised studies have not 
shown any superior results of these intramedul-
lary devices compared to the ordinary extramed-
ullary screw plate. In some cases a signifi cantly 
increased risk of femoral shaft fracture has been 
shown. Inadequate reaming of the femur is nor-
mally the cause, in conjunction with excessive 
force when inserting the nail. An alternative rea-
son may be that the lateral cortical bone around 
the lag screw is not load protected by a barrel, 
as with the screw plate. A fi ssure in this area 
may more readily extend. The main indications 
for intramedullary fi xation are low trochanteric 
 fractures, hip fractures with associated  femoral 
shaft fracture and pathological extracapsular 
fractures.

  Fig. 38.5    Trochanteric fracture operated with screw 
plate       
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   There is also a modifi cation of the side plate 
that allows sliding along the femoral shaft com-
bined with that along the femoral neck to impact 
the fracture more anatomically [ 35 ]. The results 
on consecutive series seem promising with a 
lowered cut out of the screw in the femoral head 
(Fig.  38.6 ).

   A basic biomechanical principle for good heal-
ing of trochanteric and subtrochanteric fractures 
is contact between the major weight bearing bone 
fragments. Rigid fi xation systems counteract this 
and lead to pseudarthrosis and in the long run 
breakage of the plate due to metal fatigue. At repo-
sition during operation and the following mobili-
sation and weight bearing good contact is aimed 
at in the major bone fragments, sometimes to the 
price of a certain shortening of the leg. The main 
goal is a rapid healing of the fracture. In some 
cases increasing pain and too much collapse of the 
fracture make non-weight bearing  necessary. This 

is also the case if the screw through the  femoral 
neck and head threatens to cut through the sub-
condral bone into the hip joint (Fig.  38.6 ). If the 
patient cannot support the weight bearing with 
some walking aid such as a walking table, rolla-
tor, quatra peds, sticks or crutches some weeks of 
sitting in a chair might be necessary. In the long 
run all trochanteric fractures heal, usually within 
3–5 months. The development of femoral head 
necrosis is very rare, but there is some percentage 
of pseudarthrosis development which is higher if 
a more rigid fi xation system has been used [ 16 ]. 

 Dynamic extramedullary osteosynthesis 
(screw plate) is much better than rigid nail plates 
[ 36 ]. The Ender method, which was previously 
widely spread in Europe, has in several ran-
domised studies shown inferior results compared 
to the screw plate [ 37 ]. The intramedullary type 
of osteosynthesis with a screw up through the 
femoral neck and a short intramedullary rod often 
with transverse screws through the femoral shaft 
(the fi rst type was called Gamma nail) has in sev-
eral randomised comparative studies shown the 
same risk cut out through the femoral head as the 
conventional screw plate whereas the intramed-
ullary device has resulted in more re-operations, 
usually due to fracture at the distal end of the 
intramedullary nail. The technique is somewhat 
more demanding to perform [ 11 ]. It is however 
used as the only routine method in some centres 
in Europe. In the literature there are reports of a 
frequency of cut out of the femoral screw through 
the femoral head into the acetabulum with the use 
of a conventional screw plate in up to 10 % of the 
cases. This has been diminished to some percent 
only with the axial screw plate (Medoff plate). 
Reversed, oblique pertrochanteric fractures are 
especially suited for this type of osteosynthesis. 

    Subtrochanteric Fractures 

 The subtrochaneric fractures have a considerably 
higher frequency of healing complications com-
pared to the trochanteric ones. This is due to the 
high mechanical forces acting in this area and that 
the fractures often are very comminuted which 
gives inferior stability to the osteosynthesis sys-
tem. One problem with the conventional screw 

  Fig. 38.6    Trochanteric fracture with screw plate after 
compression by weight bearing resulting in cutting 
through of the femoral head       
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plate for subtrochanteric fractures is that a distal 
fracture line transfers the dynamic screw plate to 
become a more static implant as the fracture is 
situated below the area for the gliding screw. This 
leads to complications associated with the static 
fi xations such as delayed healing, pseudarthrosis, 
breakage of the plate and cutting through of the 
femoral head by the screw [ 11 ,  17 ]. This has led 
to an increased use of long intramedullary nails 
with transverse fi xation screws in the distal part 
and a screw through the femoral head and neck 
in the proximal part. With this device also very 
long and comminuted femoral shaft fractures can 
be handled [ 16 ].   

    Weightbearing and Rehabilitation 

 The goal after a hip fracture is to rehabilitate the 
patient to the same functional level as before the 
fracture [ 5 ,  16 ]. A stable osteosynthesis system 
or a well-fi xed arthroplasty is a pre-requisite for 
this. The operation should allow direct postop-
erative weight bearing to start immediately the 
day after the operation (Fig.  38.7 ). This is pos-
sible for the majority of patients operated with 
osteosynthesis for femoral neck fractures as well 
as for those receiving an arthroplasty. The weight 
bearing by walking gives a physiological impac-
tion of the fracture and stimulates the bone heal-
ing process. The rule is immediate postoperative 
weight bearing. Furthermore elderly patients usu-
ally fi nd it diffi cult to have restricted weight bear-
ing and cannot handle crutches as young patients.

   As mentioned above for trochanteric fractures 
the majority can have full weight bearing whereas 
a small part of the fractures need more care due 
to very comminuted fractures. During recent 
decades successful rehabilitation programs have 
spread consisting of direct mobilisation in the 
hospital and continued walking rehabilitation in 
the patient’s own home [ 3 ,  28 ,  38 – 46 ].  

    Hip Fracture Audit 

 Due to the increasing burden on the health 
care system of the osteoporotic fractures in 
the elderly, particularly the hip fractures, it is 

very important to know the results of every-
day treatment on a national basis of these frac-
tures,. In Sweden, a national registration of 
hip fracture treatment called RIKSHÖFT was 
introduced in 1988 [ 16 ,  47 ]. This has spread 
internationally and in 1995 the Standardised 
Audit of Hip Fractures in Europe (SAHFE) 
was started based on the Swedish RIKSHÖFT 
experience [ 14 ]. 

 The pattern of living before fracture and post-
operatively up till 4 months after femoral neck 
(Fig.  38.8 ) or trochanteric fractures (Fig.  38.9 ) 
shows that of those patients coming from own 
home, the majority had returned there after 2–3 
weeks of treatment at the orthopedic depart-
ment. Actually, the mean hospitalisation time is 
now just below 10 days. The rest of the patients 

  Fig. 38.7    Weight bearing with quatrapeds. Direct post-
operative mobilisation and continued rehabilitation in the 
patients own home       
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are rehabilitated through an institution. This 
is mainly due to other diseases existing before 
the fracture. Within a month from the fracture 
the majority of the patients from own home or 
service house have returned to their previous 
place of living. Already after 2 months a very 
stable pattern of rehabilitation is apparent from 
the graph and at 4 months after the fracture, the 
majority of the patients are back in their pre- 
fracture way of living.

    Irrespective of the philosophy chosen for the 
treatment of hip fractures it is of utmost impor-
tance to be able to compare the results from the 
different treatment programs. Different countries 
have various traditions both socially and in medi-
cal treatment, but internationally comparisons 
will more rapidly bring out optimised ways of 
treatment that will be the solution to cope with 
the increasing amount of hip fractures during the 
coming decades (see   www.rikshoft.se    ).     
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       The complex biomechanics of the human knee 
joint are the result of an equilibrium of forces 
exerted by its surrounding soft tissue structures. 
When one of these forces is removed, as is the 
case when a ligament ruptures, a redistribution of 
forces occurs and the biomechanical properties of 
the knee are altered. One of the most frequently 
diagnosed knee ligament ruptures is that of the 
anterior cruciate ligament (ACL). Such a rupture 
causes increased laxity of the knee joint as well as 
a complex rotational and translational instability 
whereby many patients describe a feeling that 
their knee is slipping, or “giving way” [ 1 ]. 

 The ACL has been one of the most studied 
structures of the musculoskeletal system. Despite 
the abundance of literature, there is little 

consensus amongst orthopaedic surgeons as to 
the specifi c biomechanical effect of an ACL rup-
ture on knee joint function [ 2 ]. However, in order 
to provide effective treatment, it is important that 
the mechanisms of an injury and the resulting 
pathomechanics be identifi ed [ 3 ]. As such, bio-
mechanical studies of the impact of ACL injuries 
remain a hot topic and are the subject of much 
debate. They provide important information that 
cannot be obtained through current clinical 
evaluations. 

 In 2008, Chan et al. [ 4 ] proposed a new para-
digm, « Orthopaedic sport biomechanics », where 
the role of biomechanics in orthopaedics is three-
fold: (1) it helps in the prevention of musculo-
skeletal sport-related injury and trauma, (2) it 
provides an objective quantitative assessment to 
evaluate the immediate outcome of treatment, 
either operative or conservative, (3) it acts as an 
objective tool to monitor the long-term rehabili-
tation progress, and to indicate if an athlete is 
adequately recovered to a satisfactory level for 
returning to sports. 

 Given the ACL’s important role in the 3D sta-
bility of the knee joint [ 5 ], particularly in internal 
tibial rotation [ 6 ,  7 ], identifying the pathome-
chanics of an ACL rupture requires the ability to 
record knee bone movements in 3D [ 8 ,  9 ]. To do 
so, one must be able to follow the bones with suf-
fi cient precision despite skin movement artifacts, 
and to represent this movement in an anatomical 
coordinate system that is highly reproducible. 
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 For the past 20 years, our research group has 
been working on the precise recording and 
 in vivo  analysis of 3D kinematics of the knee, 
with an emphasis on the effect of an ACL rupture. 
This chapter presents the non-invasive methodology 
used to obtain precise and reliable recordings of 
knee bone movements as well as its use in estab-
lishing the biomechanical impact of an ACL 
rupture on regular paced gait. This is followed by 
an analysis of the kinematics of the pivot shift 
test, a clinical test that reproduces the functional 
instability of the knee. Finally, the implications 
of 3D biomechanical analyses of the knee are 
discussed. 

    Recording 3D Knee Kinematics 

    Marker Attachment 

 The recording of human movement is generally 
achieved by fi xing motion capture devices or 
markers (active or passive) to different body 
segments. There are a number of technologies 
available that allow for high spatial and temporal 
precision when recording movement. As such, it 
is theoretically possible to quantify very subtle 
changes in knee joint kinematics. However, in 
practice, the skin displacement relative to the 
underlying bones introduces signifi cant 
measurement errors. Many authors have raised 
this issue and quantifi ed the effect of skin 
displacement artifacts [ 10 – 16 ]. For movements 
of smaller amplitude, e.g. axial rotation of the 
tibia, the error due to such artifacts has been 
shown to surpass the actual motion of the 
bones [ 12 ]. 

 In order to limit these errors, different strat-
egies have been proposed for the fi xation of 
motion-capture devices or markers to the lower 
limb. These solutions can be separated into 
three categories: optimization of skin mounted 
markers, percutaneous fi xations and external 
attachment systems. This section provides a 
brief summary of each of these categories and 
presents the solution used by our research 
group. 

    Skin Mounted Marker Optimization 
 The fi rst category involves an optimization of the 
simplest method for attaching motion capture 
devices: fi xing them directly to the skin. This is 
usually done using a double-sided tape and 
obviously does nothing to reduce skin 
displacement artifacts. The optimization consists 
in fi xing a large number of markers over the thigh 
and shank. Algorithms are then used to 
approximate the true bone movements based on 
the fact that in the absence of skin displacement, 
there should be no relative movement between 
the different markers. 

 Many different methodologies and algorithms 
have been proposed. Some studies have shown 
signifi cant reductions in skin displacement 
artifacts [ 11 ,  17 ,  18 ], while others found these 
artifacts to remain substantial after application of 
the algorithm [ 19 – 21 ]. Overall, this method has 
shown promise, but results vary widely from one 
study to the next. The main challenge for these 
algorithms stems from the fact that the source of 
movement of the skin is the same as that of the 
bones; frequencies are thus similar [ 14 ]. 
Furthermore, it is possible for all the skin- 
mounted markers to move without actual bone 
movement. Strategies relying on algorithms to 
reduce artifacts from skin-mounted markers are 
also ill suited for clinical evaluation because of 
the time and energy necessary to fi x a large 
number of markers.  

    Percutaneous Fixation 
 Percutaneous pins, or intra-cortical pins, are 
generally stainless steel cylinders with diameters 
that vary from 2.5 to 3.6 mm [ 22 ]. They are 
screwed into the cortical bone at depths up to 
20 mm. Electromagnetic sensors or refl ective 
markers are mounted on the pins using a fi xation 
device. The use of such pins is obviously the 
method that allows for the most precise 
measurement of bone movements. No study of 
their accuracy has been published, as this is the 
method that is considered to be the gold standard 
in evaluating knee joint kinematics. As such, 
many authors have conducted studies where knee 
joint kinematics were simultaneously recorded 
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by percutaneous pins and by another attachment 
system to evaluate to precision of the latter 
[ 12 ,  16 ]. 

 Despite being considered the gold standard, 
the use of percutaneous pins does not guarantee 
100 % accuracy. In addition to the error of the 
motion capture technology, the tendons and the 
skin surrounding the pins may, in some cases, 
cause the pins to bend or become dislodged. 
Some studies have reported the exclusion of up to 
54 % of their subjects because of such 
dislodgement [ 12 ,  16 ,  22 ]. In the absence of such 
complications, percutaneous pins remain the 
most accurate method for measuring bone 
movements. However, their use brings obvious 
drawbacks related to their invasive nature. Local 
or general anesthesia must be administered to the 
subjects and the fi xation of the pins can be time 
consuming. As such, their use is restricted to 
research or peri-operative evaluation.  

    External Attachment Systems 
 The fi nal category for reduction of skin 
displacement artifacts is composed of several 
different non-invasive systems that attach to the 
lower limb and onto which refl ective markers or 
electromagnetic sensors are mounted. They are 
said to be non-invasive because they contact the 
skin without penetrating it. 

 The most widespread amongst such systems 
consists of rigid plastic plates that are fi xed to 
the shank and thigh, usually at mid-segment. 
This method is commonly referred to as the 
Cleveland Clinic method (Fig.  39.1 ). When one 
of the markers is fi xed to a pin that is perpen-
dicular to the rigid plate, it is called the Helen 
Hayes method [ 15 ].

   Manal et al. [ 15 ] evaluated the accuracy of 6 
variations of such attachments for measuring 
axial tibial rotations during gait. They found it to 
be about ±4° using the most accurate variation 
(Fig.  39.1b ). Given that the range of axial tibial 
rotation averages approximately 9°, this is a 
signifi cant error. Ferber et al. [ 23 ] later used this 
variation of the attachment system to evaluate the 
test-retest reliability of this attachment system to 
record knee joint kinematics during running. 

For many kinematic parameters, intra-class cor-
relation coeffi cients (ICCs) were found to be 
below 0.75, which is considered to be the limit of 
acceptability [ 24 ]. 

 Other research groups have developed their 
own, more elaborate attachment systems and 
used them in recording lower limb gait kinemat-
ics [ 25 – 27 ]. The system developed and used by 
our research group is now called the KneeKG TM  
(Emovi inc., Montreal, Canada). First described 
by Sati et al. [ 28 ] under the name of exoskele-
ton, this system includes a femoral and a tibial 
component (Fig.  39.2 ). The design of the femo-
ral component was inspired by a fl uoroscopic 
study that showed that the amplitude of skin dis-
placement about the knee varies greatly depend-
ing on the exact location [ 10 ]. The study 
identifi ed two locations where the displacement 
is minimal. The femoral component attaches to 
these anatomical locations. It is composed of a 
rigid arch with spring-loaded forms at each 
extremity, effectively forming a clamp. The 
medial extremity of this clamp inserts between 
the vast medialis and the sartorius muscle ten-
don; the lateral extremity inserts between the 
femoral biceps and the ilio-tibial band (ITB). 
Both extremities rest atop the femoral condyles. 
A medial condyle support pad and a stabilizing 
plaque that is attached to a Velcro strap, placed 
around the proximal thigh, prevent rotation of 
the system about the clamp’s contact points.

   The accuracy of the KneeKG TM  was evalu-
ated by a fl uoroscopic study. Radio-opaque 
beads were fi xed to the femoral component, 
which was installed on three different subjects 
who performed active fl exion/extension under 
fl uoroscopy. Average errors were found to be 
−0.4° in abduction/adduction and −2.3° in tib-
ial rotation [ 28 ]. A subsequent study of fi ve 
subjects, with a similar methodology, found 
that the quadratic error is diminished by a 
factor of 4.3 for abduction/adduction and by a 
factor of 6.2 for axial tibial rotation when com-
pared with skin mounted markers [ 29 ]. Both 
these studies evaluated the accuracy of the 
KneeKG TM  using non weight-bearing knee 
fl exions. 
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 The intra- and inter-observer reliability of the 
KneeKG TM  were evaluated to insure that when 
the system was removed and reinstalled, similar 
results were obtained regardless of the examiner 
who installed it [ 30 ]. In the intra-observer setting, 
a single observer installed the system and 
recorded the gait kinematics three times each for 
12 different subjects. Reliability was found to be 
high, with intra-class correlation coeffi cients 
(ICC) between 0.88 and 0.94 for knee rotations. 
The average standard measurement error (SEM) 
was below 1° for rotations about all three axes. In 
the inter-observer setting, three observers each 
installed the system twice on all 12 subjects. 
Similar to the intra-observer data, the ICCs from 
the inter-observer measurements were between 
0.89 and 0.94, with all SEMs below 1°.   

    Movement Representation 

    Euler Angles Versus Helical Axis 
Defi nition 
 After knee movement has been measured 
precisely and reliably, it is necessary to represent 
it in a meaningful way. It has been suggested that 
the unambiguous description of spatial motion is 
more diffi cult than its measurement [ 31 ]. Because 
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       (underwrap)
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       (underwrap)
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  Fig. 39.1    Different variations of the Cleveland Clinic and Helen Hayes methods (From Manal et al. [ 15 ], with 
permission)       

  Fig. 39.2    The tibial and femoral components of the 
KneeKG TM  attachment system       
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the knee is not a hinge and movement about that 
joint does not occur in a 2D plane, it is diffi cult to 
represent knee kinematics. Typically, 2 methods 
are used to study 3D kinematics of the knee: 
Euler angles [ 32 ] and helical axes [ 33 ]. 

 Even though the knee is not gyroscopic, the 
Euler angle method is the most widely employed. 
With this method, it is possible to describe a 3D 
movement as 3 successive rotations about three 
different axes defi ned in space: fl exion/extension, 
abduction/adduction and internal/external tibial 
rotation. These axes can be fi xed or fl oating, and 
represented locally or globally. The major 
advantage of this method is that it is easier to 
interpret the results clinically with anatomical 
descriptions of movements. With this method, it 
is also possible to compute anteroposterior (AP), 
proximodistal (PD), and mediolateral (ML) 
translations. 

 However, the main disadvantage of the Euler 
angle method is that it is very sensitive to 
anatomical reference axes defi nition. Small errors 
(1–2 mm in the defi nition of points used to build 
the coordinate system) cause errors in orientation 
as well as in kinematic amplitude on the order of 
2°. When coordinate systems are built on 
subjects, errors in landmark defi nition can be on 
the order of 30 mm. These large errors make it 
diffi cult, even impossible, to compare results 
[ 19 ]. Also, it is not clear if differences in bone 
geometry affect the kinematic patterns that are 
generated. For this reason, we do not know the 
3D kinematics of the normal knee. Each knee has 
a kinematic representation associated with a 
given local coordinate system. 

 The helical axes method [ 33 ] uses the 3D 
position of each bone to describe the movement 
of the knee between 2 moments in time as a 
unique rotation and a unique translation about a 
fi nite rotation axis. Therefore, when employing 
this method to describe knee kinematics, we need 
to defi ne the time period during which we want to 
express the rotation and translation of one bone 
with respect to the other. The main advantage of 
this method is that it is independent of an 
anatomical coordinate system defi nition. 
However, the use of helical axes to describe joint 
movements is not well understood by the clinical 

community [ 32 ]. Also, the method is sensitive 
to noise in the measurement and to the time 
period used for computation of the fi nite rota-
tion axis. 

 We chose to follow the recommendation of the 
International Society of Biomechanics (ISB) by 
representing knee movements using Euler angles, 
which allow for better clinical interpretation. We 
therefore needed to defi ne anatomical coordinate 
systems associated with the femur and tibia.  

    Anatomical Coordinate Systems 
 Anatomical landmarks need to be identifi ed in 
order to establish the bone-embedded coordinate 
systems. These landmarks can be defi ned by a 
pointer or by fi xing markers directly over them. 
This technique generates errors of many mm or 
even a few cm. To diminish imprecision when 
building coordinate systems, we have developed 
a method that uses fewer anatomical landmarks 
to defi ne the reference coordinate system than 
other methods in the literature [ 34 ]. 

 This coordinate system is called the Functional 
Postural (FP) method and was fi rst described by 
Hagemeister et al. [ 35 ] The joint centers are 
defi ned as follows.

   Ankle joint center (AJC):    The midpoint between 
the medial and lateral 
malleoli.   

  Hip joint center (HJC):    The center of the 
femoral head. It is 
identifi ed from a 
recording of hip cir-
cumduction using a 
pivot algorithm, as 
proposed by Siston 
and Delph [ 36 ].   

  Knee joint center (KJC):    The midpoint 
between the medial 
and lateral epicon-
dyles, projected 
onto the mean axis 
of knee fl exion/
extension   

   The PD axes of the tibia and femur are respec-
tively defi ned by the vectors joining the KJC to 
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the AJC and the KJC to the HJC. The subject is 
then placed in a reference guide with his frontal 
plane aligned with that of the guide. The sagittal 
plane is then defi ned during a movement of slight 
fl exion/extension, alternating between approxi-
mately 10° of fl exion and maximum extension. It 
is defi ned as the plane whose normal vector is the 
cross product of the normal vector of the frontal 
plane with the vector joining the HJC and the 
AJC. The neutral position of the knee joint is 
defi ned at the moment when the PD axes of the 
tibia and femur are aligned in the sagittal plane. 
In this position, the AP axes of the tibia and 
femur are defi ned as perpendicular to the normal 
vector of the sagittal plane and their PD axes. 
Finally, the ML axes of each of the bones are the 
axes that complete the orthonormal sets 
(Fig.  39.3 ).

       Inter- and Intra-tester Variability 
 To test inter- and intra-tester variability for the 
calibration procedure, the following protocol was 
performed. The attachment system was fi rst 
installed on each subject, and three testers 
performed the above-described calibration 
procedure on four subjects. Each tester repeated 
the procedure 5 times. Then, the subjects walked 
on a treadmill at a comfortable speed for 3 min, 
and fi nally, 30 gait cycles were recorded. The 
mean of these 30 cycles was used to compute the 
kinematic parameters (fl exion/extension, 
abduction/adduction and internal/external 
rotation of the tibia as well as A-P translation as 
a function of percentage of the gait cycle) in 
association with the 15 calibration procedures. 
The resulting 15 curves were compared for each 
subject using an adjusted coeffi cient of multiple 
determinations. Figure  39.4  presents an example 
of the kinematic parameters calculated with 5 
calibration procedures performed by 1 tester on 1 
subject.

   The results show that the calibration method 
allows the measurement of 3D knee kinematics 
with good reproducibility. Mean errors generated 
by the calibration procedure are 1.1 °  in fl exion/
extension, 1.1 °  in abduction/adduction, 0.8 °  in 
internal/external tibial rotation, and 2.6 mm in 
A-P translation.    

    Gait Analysis 

 Following an ACL injury, gait analysis has been 
shown to provide benefi cial information for 
assessing knee stability [ 37 ] and functional 
impairments [ 38 ] under dynamic conditions. 
Numerous studies have already reported that 
patients with an ACL defi ciency present altered 
3D knee kinematics [ 9 ,  38 – 43 ] and 3D knee joint 
moments [ 38 ,  44 – 46 ]during gait. In these studies, 
3D biomechanical patterns of the knee are 
presented over a full gait cycle, which is divided 
into a stance phase and in a swing phase. These 
phases represent 60 % and 40 % of the total gait 
cycle (GC), respectively. During the stance phase, 
sub-phases occur as follow: the initial contact 
(1–2 % of the GC), the loading phase (1–10 % 
of the GC), the mid stance phase (10–30 % of the 
GC), the terminal stance phase (30–50 % of 
the GC) and the pre-swing phase (50–60 % of the 
GC) [ 47 ]. 

    Gait Biomechanics 

    Kinematics 
 To identify knee biomechanical defi ciencies 
following an injury, a good understanding of 
“normal” patterns is required, since they serve as 
a reference to compare the pathological patterns 
[ 48 ]. Numerous studies have published “normal” 
knee biomechanical patterns during gait. 
Typically, the knee arcs of motion during walking 
in the sagittal, frontal and transverse planes are 
approximately 70°, 5° and 9°, respectively [ 47 ]. 
However, a qualitative review of these studies 
unveils a lack of correspondence in normal 3D 
knee kinematic patterns. These discrepancies are 
generally found in the frontal and transverse 
plane. The variation in methodologies used to 
record 3D joint kinematics between studies is 
potentially responsible for these differences [ 49 ].  

    Kinetics 
 During gait, the knee joint is continuously 
submitted to important moments and forces that 
infl uence the joint kinematics in all three planes 
of movement. Since joint kinetics cannot be 
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measured  in vivo , we must fi rst record the joint 
kinematics and the ground reaction forces to 
compute these forces and moments [ 50 ] using 
calculations of inverse dynamics. The internal 
joint forces and moments applied by the joint’s 
soft tissue structures (muscles and ligaments) 
must constantly counteract the external forces 
and moments acting upon the knee. For example, 
during gait, the limb must alternately 
counterbalance moments that tend to extend and 
fl ex the knee joint. Quantifying knee joint kinetics 

allows a better understanding of functional 
adaptations following an injury such as an ACL 
tear [ 51 ].  

     ACL-Defi cient Gait 
 The scientifi c literature relating to gait adaptations 
in ACL-defi cient patients is abundant. However, 
a consensus on which gait compensatory 
mechanism is adopted by these patients remains 
to be established [ 52 ]. In fact, it was suggested 
that different biomechanical adaptations could be 
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  Fig. 39.3    Coordinate axes construction using femoral condyles, malleoli ( gray dots ) and a functional method for defi -
nition of the centre of the femoral head and the centre of the knee ( black dots )       
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adopted within an ACLD population [ 43 ] and 
that gait adaptation changes over time [ 38 ]. To 
date, two main gait compensatory mechanisms 
have been proposed: (1) the quadriceps avoidance 
gait and (2) the hamstring facilitation strategy. 
Furthermore, only a restricted number of studies 
have looked at knee biomechanical patterns 
associated with the role of the ACL (i.e. 
anteroposterior translation and internal/external 
axial rotation). The following section will present 
a brief review of theses adaptations and 
biomechanical defi ciencies and relate them to the 
results of our studies. 

 We conducted a 3D knee biomechanical 
assessment of 29 chronic ACLD patients and 15 
healthy participants during treadmill walking. 
The 3D knee biomechanics were recorded using 
the KneeKG TM  and a VICON optoelectronic sys-
tem (Oxford Metrics, Oxford, UK). Joint centers 
and coordinate systems were defi ned using the 

FP method and the biomechanical patterns were 
computed using the ISB convention [ 32 ].  

    Quadriceps Avoidance Gait 
 Quadriceps avoidance gait is defi ned by the 
absence of the external knee fl exor moment 
during the mid stance phase of the gait cycle [ 45 ]. 
Since this external joint moment tends to fl ex the 
knee while the body is progressing forward, an 
eccentric contraction of the quadriceps is 
typically required to counterbalance this moment. 
Berchuck et coll. 1990 [ 45 ] suggested that ACLD 
patients adopt this compensatory mechanism by 
reducing the quadriceps contraction. The 
rationale behind this hypothesis is that ACLD 
patients tend to avoid the anterior traction of the 
proximal tibia provoked by the quadriceps 
contraction, which could lead to AP instability. 
One study did show a decrease in quadriceps 
muscle activity during stance phase [ 53 ] and 
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several other studies [ 38 ,  51 ,  54 ,  55 ] identifi ed a 
decrease in the external knee fl exor moment in 
ACLD patient. 

 However, not all of the scientifi c community 
endorses this compensatory mechanism theory. 
In fact, recently published studies refute the very 
presence of these changes [ 42 ,  52 ,  56 ]. In our 
study, ACLD patients did not exhibit a quadri-
ceps avoidance gait pattern (Fig.  39.5 ). This is 
supported by several studies demonstrating no 
EMG changes in the quadriceps muscle activity 
[ 52 ,  57 – 59 ]. In contrast with the quadriceps 
avoidance gait theory, some authors suggest that 
a reduction of the external knee fl exor moment 
could be related to other biomechanical 
adaptations. Indeed, some believe that this gait 
adaptation could be associated with higher knee 
fl exion angles [ 38 ,  45 ,  55 ]. Others suggest it 
could be linked to an increased external hip fl exor 
moment [ 43 ,  55 ,  60 ], which would decrease the 
tension in the quadriceps. These controversial 
results underline the lack of consensus concerning 
this knee biomechanical adaptation [ 61 ].

   Roberts et al. [ 52 ] suggested that the presence 
of the quadriceps avoidance gait pattern could be 
linked to methodological considerations since 
most of the studies reporting this strategy used a 
simpler linked segment model to compute knee 
joint moments. In our study, joint moments were 
computed using inverse dynamics with the 
wrench notation and quaternion algebra [ 62 ].  

    Hamstring Facilitation Strategy 
 In the past few years, several biomechanical 
studies have found that ACLD patients adopt a 
hamstring facilitation strategy. The rationale 
behind this compensatory mechanism theory is 
that higher hamstring muscle activity will act as 
an agonist to the injured ACL by generating a 
posterior traction of the proximal tibia. 
Numerous studies have shown a signifi cant 
increase hamstring muscles activity [ 52 ,  53 ,  57 , 
 59 ]. Furthermore, many studies have identifi ed 
biomechanical changes that could be linked to 
this adaptation strategy. First, ACLD patients 
have been shown to walk with a higher knee 
fl exion angle during the terminal stance phase 

[ 53 ,  58 ,  63 – 65 ]. Interestingly, the knee fl exion 
angle during the stance phase was positively 
correlated with the duration of hamstring activ-
ity [ 57 ]. Additionally, ACLD patients have been 
found to display higher hamstring activity in the 
swing to stance transition [ 66 ]. The fi ndings of 
our study are in agreement with these kinematic 
compensations. Indeed, Fig.  39.6  shows the 
knee fl exion/extension pattern over a full gait 
cycle for the ACLD group and the control group. 
The ACLD group walked with signifi cantly 
higher knee fl exion angles at initial ground con-
tact, during the terminal stance phase and at the 
end of the swing phase. The asterisks (*) show 
where statistical differences ( P  < 0.05) were 
identifi ed.

       Biomechanical Defi ciencies Associated 
with the Role of the ACL 
 Studies quantifying the AP translation and 
internal-external axial rotation of the knee are 
scarce. This is mainly due to the high level of 
error associated with the measurement of these 
small amplitude translations and rotations. 
Nevertheless, an increased anterior translation of 
the tibia in the transition between a non- 
weightbearing and weightbearing condition was 
reported in ACLD patients [ 67 ]. Furthermore, 
two studies using an electrogoniometer to 
quantify the kinematics of ACLD knees during 
gait showed an increase in anterior tibial 
translation [ 9 ,  68 ]. However, given the error 
associated with the measurement of proximal AP 
translation of the tibia [ 14 ], these results should 
be considered with caution. 

 Although only a few papers were published on 
the impact of an ACL tear on the knee axial 
rotation, contradictions emerge between studies. 
Some authors identifi ed an increase in external 
tibial rotation with regards to the femur during 
gait [ 9 ,  52 ]. Others found a shift towards internal 
tibial rotation [ 40 ,  41 ]. Our study is in agreement 
with the latter. Whereas previous papers showed 
that this shift occurs throughout the gait cycle, 
our results only identifi ed statistical differences 
in the swing to stance transition and during the 
beginning of the loading phase (Fig.  39.7 ).
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   The identifi ed decrease in external tibial 
rotation in ACLD patients at the end of the swing 
phase, where the knee reaches near full extension, 
was also reported in previous studies [ 40 ,  68 ]. 
These results support previous fi ndings that the 
screw home mechanism is altered after an ACL 
injury [ 69 ]. This altered axial tibial rotation could 
also be explained by the lack of knee extension at 
the end of the swing phase. 

 Three-dimensional biomechanical evaluations 
have allowed a better understanding of the impact 
of an ACL injury on the function of the knee 
joint. The large number of studies on this subject 
underlines the importance of such evaluations as 
complements to orthopaedic physical assessments 
in helping to improve current treatments for ACL 
injuries.    

    Analysis of the Pivot Shift 
Phenomenon 

 During a clinical evaluation, an ACL-defi cient 
knee will generally present an increase in joint 
laxity, especially in the AP axis. This uniaxial 
laxity is relatively easy to evaluate using clinical 
examinations. The most sensitive of these 
examinations is the Lachman test, whereby the 
clinician applies an anterior force to the tibia 
while holding the femur in place. The amount of 
anterior displacement is very useful in diagnosing 
an ACL rupture [ 70 – 73 ] but it shows no 
correlation to subjective criteria of knee joint 
function [ 74 – 78 ]. The pivot shift test is a dynamic 
clinical test that reproduces the 3D rotational 
instability felt by patients who describe feeling 
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that their knee is giving way. The pivot shift grade 
correlates with reduced patient satisfaction, par-
tial giving way, full giving way, diffi culty cutting, 
diffi culty twisting, activity limitation, reduced 
overall knee function, reduced sports participa-
tion, and Lysholm score [ 74 ]. Subjects with 
higher-grade pivot shift tests had less satisfaction, 
more limitations and lower knee function. 

 A meta-analysis found that the Lachman test 
is more sensitive but less specifi c than the pivot 
shift test [ 70 ]. In other words, a positive pivot 
shift test indicates an ACL rupture and a negative 
Lachman test rules it out. 

 Although it is obviously important to diagnose 
an ACL rupture, it is often the level of knee joint 
function that is of most interest and that clinicians 
aim to restore. Both tests are important parts of a 
clinical evaluation but serve different purposes. 
The pivot shift test’s specifi city makes it a 
valuable complement to the Lachman test in 
establishing a diagnosis, but more importantly, 
the pivot shift test is the only test which can be 
used to assess the level of knee joint function and 
predict long term outcome. As such, many stud-
ies conclude that the objective of reconstructive 
surgery should be to eliminate the presence of 
a pivot shift and not only to diminish AP laxity 
[ 39 ,  79 – 81 ]. 

    Clinical Examination 

 The pivot shift test is performed with the patient 
supine and the examined leg lifted off the 
examining table by a clinician. A gentle valgus 
force is applied to the knee and the knee is fl exed 
in a controlled manner with slight internal 
rotation of the tibia. In the ACL-defi cient knee, as 
fl exion occurs, the tibia translates anteriorly and 
rotates internally. The joint is subluxed at this 
point. As the knee is fl exed past 30°, soft tissues 
and joint geometry cause the joint to reduce [ 82 ]. 
This is the pivot shift. 

 The clinician attributes the grade of the pivot 
shift relying on his interpretation and experience 
as being 0 (absent), 1 (glide), 2 (clunk) or 3 
(gross) [ 83 ]. The nature of this grading scale 
renders it poorly repeatable [ 84 ]. Indeed, it has 
been shown that different clinicians frequently 
attribute different grades to a same patient [ 85 ]. 
No objective method for evaluating the pivot shift 
test currently exists, despite several attempts in 
the literature [ 86 – 91 ]. In the absence of an 
objective pivot shift measurement tool, it is 
diffi cult for less experienced clinicians to attribute 
a grade with a suffi ciently high level of confi dence 
for it to be used in determining the course of 
treatment.  

  Fig. 39.7    Transverse knee kinematic patterns during gait for ACL-defi cient patients and healthy participants       
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    Recording the Pivot Shift 

 The KneeKG TM  attachment system, presented in 
Sect.  2.1.3 , was designed for use on a standing 
subject. Its femoral component, which rests atop 
the femoral condyles, falls out of place when a 
subject is placed in a supine position. For this 
reason, an adapted version of this system was 
developed to record the kinematics of the pivot 
shift. The rigid arc of the femoral component is 
replaced by an elastic Velcro strap (Fig.  39.8a ). 
This strap allows for inward pressure to be 
applied and it prevents the attachment from 
falling out of place when the subject is supine. 
The purpose of the rigid plates is to improve the 
attachment’s stability and to allow for fi xation of 
the motion capture sensors.

   The tibial component is composed of a rigid 
plate that is held over the tibia with an elastic 
Velcro strap, immediately distal to the tibial 
tuberosity (Fig.  39.8b ). It is short in length to 
allow a clinician to manipulate the lower limb 
without displacing it. A preliminary study 
conducted with three subjects wearing this 
attachment system showed it to be as reliable as 
the KneeKG TM  for gait analysis. 

 The FP method, which is used to establish the 
anatomical axes, was also adapted to for the pivot 
shift test. The joint rotations were passively 
applied on the supine subject by the examiner.  

    Kinematics of the Pivot Shift 

 The reduction phase of the pivot shift occurs 
when the subluxed tibia returns to its normal 
position. This reduction has been described as a 
combination of posterior translation and external 
tibial rotation. With the development of 
methodologies to record the 3D kinematics of the 
pivot shift, many studies have investigated these 
features and how they relate to the grade of the 
pivot shift established by a clinician. One of the 
objectives of such studies is to develop an 
objective grading scale where, for example, some 
combination of both axial tibial rotation and 
posterior translation would be taken as a pivot 
shift score and the grade would be established 
from these scores. 

 Recent studies have found that the 3D 
kinematics of the pivot shift vary too much 
between subjects for such a simple score to be 
used. Although the amplitude of posterior 
translation correlates to the clinical grade, values 
are very different for two subjects of a same 
grade. The axial tibial rotation is even more 
variable: some subjects present signifi cant 
external rotations during the reduction phase 
while others show none at all [ 88 ], leading 
authors to question its relevance in measuring the 
pivot shift. 

 In a recent study, we recorded the knee joint 
kinematics of 127 pivot shift tests and investigated 
the correlation with the clinical grade established 
by the clinician who performed the test [ 30 ,  92 , 
 93 ]. Figure  39.9  presents a typical recording of a 
grade 3 pivot shift. A spike in linear velocity and 
acceleration is clearly visible during the reduction 
phase.

   To further investigate the kinematic features 
of the pivot shift that are related to its clinical 
grade, we conducted a principal component 
analysis (PCA). The objective of PCA is to 
reduce the number of features while retaining as 
much of the variation present in the original 
dataset as possible. To do so, it transforms a large 
number of features into a smaller number of 
uncorrelated features, called principal 
components (PCs). The fi rst PC accounts for the 
largest amount of variability in the data and each 
of the subsequent PC accounts for the largest 
amount of the remaining variability. 

 We applied PCA on our full set of features, 
which was composed of the amplitude, velocity 
and acceleration of AP, ML and total translations, 
abduction/adduction and axial tibial rotation. The 
fi rst PC accounted for 38 % of the overall 
variability between the pivot shift recordings and 
the fi rst four PCs accounted for a total of 69 %. 
To verify which PCs contained variability that is 
useful in grading the pivot shift, we calculated 
their correlation to the clinical grades. The fi rst 
PC had a Spearman’s rank correlation coeffi cient 
of 0.55 while the next three had coeffi cients of 
−0.09, 0.04 and 0.01, respectively [ 92 ]. These 
values show that only the fi rst PC is related to the 
pivot shift grade. 
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 Next, we calculated the factor loadings of the 
original features on the fi rst PC. Loading factors 

are correlations between the features and the 
PCs. Features with a high loading factor are rep-

a b

  Fig. 39.8    The femoral ( a ) and tibial ( b ) components of the attachment system developed for data acquisition with the 
subject in a supine position       
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resentative of the component [ 94 ]. Table  39.1  
shows the features with factor loadings that are 
superior to 0.5 on the fi rst PC.

   These results show that the translational 
component of the pivot shift is indeed more 
closely related to the grade than its rotational 
component. Moreover, the acceleration and 
velocity of the translations have a higher 
correlation to the grade than the actual amplitude 
of those translations. Other authors have also 
found the acceleration to be an important feature 
of the pivot shift [ 87 ,  89 ]. This makes sense since 
the existing subjective scale describes the pivot 
shift grades using terms such as “clunk” and 
“gross clunk”, which infer a notion of suddenness 
rather than amplitude of displacement. 

 Recent studies in biomechanics have success-
fully classifi ed kinematic data using machine 
learning methods [ 95 – 98 ]. We chose to use a 
support vector machine (SVM) approach using 
the grade established by the clinician as a gold 
standard. An SVM is a supervised learning 
method used for binary classifi cation. To distin-
guish multiple classes, the method must be 
applied iteratively. This lends itself well to the 
grading of the pivot shift. In fact, the recordings 
can be fi rst separated into that present a clunk 
(grade 2 and 3) and those that don’t (grades 0 
and 1). As a second step, the recordings with a 
glide (grade 1) can be distinguished from those 
with no glide (grade 0). Finally, those presenting 
a clunk (grade 2) can be distinguished from 
those presenting a more obvious, gross clunk 
(grade 3). 

 The features that load on the fi rst principal 
component were added to the SVM classifier 
in descending order of their factor loadings 

(Table  39.1 ). All of these features were used to 
separate grades 0 and 1 from 2 and 3, and to 
separate grade 2 from grade 3 recordings with 
maximum sensitivity. For separating grades 0 
and 1, maximum sensitivity was attained using 
only the amplitude of tibial translation and the 
velocity of axial tibial rotation. It makes sense 
that the acceleration and velocity of the translation 
are not useful for this step as we are distinguishing 
between the absence and presence of a glide. 
There is no notion of clunk in these grades [ 93 ]. 

 The SVM classifi er established the same 
grade as the evaluating clinician 66 % of the time 
and was within one grade for 95 % of recordings 
(Table  39.2 ). Agreement between the clinicians 
and the classifi er, as defi ned by a Cohen’s 
weighted Kappa, was κ = 0.68, which is 
considered to be substantial agreement [ 99 ]. 
Because of the subjective nature of the existing 
scale, which relies heavily on a clinician’s 
interpretation, is it to be expected that there be 
some disagreement with classifi cation method. 
Nonetheless, such a method offers an objective 
alternative to grading the pivot shift and sheds 
new light on the features that are felt and 
subjectively evaluated when a clinician grades a 
pivot shift. These features could be used to 
develop a quantitative measure of the pivot shift 
on a continuous scale.

   The assessment of the 3D kinematics of the 
knee during the pivot shift test helps to further 
understand the effect of an ACL rupture on knee 
joint function. More importantly, such 
instrumented evaluations could eventually be 
used to help the clinician diagnose the severity of 
an injury, evaluate its impact on a specifi c patient 
and choose the appropriate treatment.   

    Table 39.1    The factor loadings of the pivot shift features 
on the fi rst principal component   

 Pivot shift feature  PC 1  

 Total translation acceleration  0.840 

 AP translation velocity  0.809 

 Total translation velocity  0.799 

 ML translation acceleration  0.758 

 AP translation acceleration  0.693 

 Abduction acceleration  0.669 

  From Labbe et al. [ 92 ], with permission  

   Table 39.2    Grading of the pivot shift recordings by cli-
nicians (lines) and a SVM-based classifi er (columns)   

 Clinicians ↓ 
Classifi er→  Grade 0  Grade 1  Grade 2  Grade 3 

 Grade 0   22   5  0  1 

 Grade 1  8   12   4  0 

 Grade 2  4  5   23   1 

 Grade 3  0  0  8   14  

  From Labbe et al. [ 93 ], with permission  
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    General Discussion 

  In vivo  measurement of small translations and 
rotations of the knee is a diffi cult task, especially 
in the frontal and transverse planes (abduction/
adduction and internal/external tibial rotation). 
Precision is an important concern due to the fact 
that soft tissue movements introduce noise into 
the recordings of the underlying bone movements. 
Reinschmidt et al. [ 16 ] compared knee rotations 
in subjects whose kinematics were recorded via 
skin markers and bone pins inserted into the 
femur and tibia. They showed that average errors 
during running due to skin movements were 
about 21 % for fl exion/extension, 63 % for 
internal/external tibial rotation, and 70 % for 
abduction/adduction. Since bone-embedded pins 
are not a solution that can be used in clinics on a 
routine basis, it is important to use a marker 
fi xation method that limits skin displacement 
artifacts. 

 The method used to represent the movement 
in the anatomical axes of the knee is also of 
critical importance. In fact, small errors in the 
positioning of these axes generate large errors in 
rotation calculations [ 19 ]. One solution to 
improve reliability without the use of x-rays is to 
use a method that requires as few anatomical 
landmarks as possible to defi ne the coordinate 
system. The method we used, the FP method, has 
been shown to yield reproducible data when 
repeated measures where performed by the same 
observer or by different observers. By using such 
a method, combined with a validated attachment 
system, we can record  in-vivo  knee biomechanics 
with maximum precision and reliability. 

 The resulting biomechanical assessments 
provide information on knee joint function that is 
not available through current clinical evaluations. 
This includes the normal joint kinematics, the 
kinematic impact of an injury and the extent to 
which different treatments restore normal joint 
kinematics. Such information allows healthcare 
professionals to evaluate the immediate and long- 
term outcome of treatment, establish the right 
time to return to sports participation and suggest 
injury prevention exercises. These are the three 

roles of biomechanics Chan’s Orthopaedic Sport 
biomechanics paradigm [ 4 ]. 

 The results presented in this chapter suggest 
that two other roles should be added to this 
paradigm. Gait analysis has shown its potential in 
evaluating the impact of an injury on knee joint 
function. As such, biomechanics has the potential 
to allow health professionals to better understand 
the functional impact that an injury has on a 
specifi c patient and to tailor his treatment plan 
accordingly. The relation between altered knee 
joint kinematics and degenerative changes in the 
knee has been shown [ 100 ,  101 ]. Personalized 
biomechanical evaluations can have a signifi cant 
impact on the development of rehabilitation 
programs and surgical treatments aimed at 
restoring the dynamic stability of a knee and 
preventing secondary injuries. 

 The assessment of the kinematics of the pivot 
shift shows that biomechanics can also be an 
important tool as a diagnostic aid. Indeed, a 
recent study by Peeler et al. [ 102 ] showed the 
level of precision and validity of clinical exams 
for ACL ruptures performed by front line 
healthcare professionals (physiotherapists, sport 
therapists, general practitioners) to be much 
lower than had been previously reported. The 
authors speculate that this could be due to the 
diffi culty in performing the manual clinical tests 
and the subjective bias related to grading such 
tests. This underlines the need for objective 
analytical methods that can aid in establishing a 
correct diagnosis. 

 Biomechanics already has the potential to be a 
useful tool in orthopaedics, as demonstrated by 
the examples in this chapter. With availability of 
improved methods for recording and analyzing 
bone movements, more and more studies are 
fi nding potential applications for prevention, 
diagnosis, impact assessment and evaluation of 
outcome of different joint injuries and ailments. 
The key to benefi ting from the full potential of 
integrating 3D biomechanical assessments into 
orthopaedic practice is to have a multidisciplinary 
approach of dynamic interactivity and 
communication between specialists from 
different fi elds.     

39 Three-Dimensional Biomechanical Assessment of Knee Ligament Ruptures



524

  Acknowledgments   The authors would like to 
acknowledge the participation of the clinicians in the 
different studies presented in this chapter: Dr Tim Heron 
and Dr Véronique Godbout, University hospital of 
University of Montreal, Dr Patrick Lavigne, Maisonneuve- 
Rosemont Hospital, Dr Guy Grimard, Ste-Justine 
Hospital, Dr Pierre Ranger and Dr Julio Fernandes, Sacré- 
Coeur Hospital and Dr David Baillargeon, Cité de la 
santé, Montréal.  

   References 

    1.    Bull AMJ, Amis AA. The pivot-shift phenomenon: a 
clinical and biomechanical perspective. Knee. 
1998;5:141–58.  

    2.    Bicer EK, Lustig S, Servien E, Selmi TA, Neyret 
P. Current knowledge in the anatomy of the human 
anterior cruciate ligament. Knee Surg Sports 
Traumatol Arthrosc. 2010;18(8):1075–84.  

    3.    Bahr R, Krosshaug T. Understanding injury mecha-
nisms: a key component of preventing injuries in 
sport. Br J Sports Med. 2005;39:324–9.  

     4.    Chan KM, Fong DT, Hong Y, Yung PS, Lui 
PP. Orthopaedic sport biomechanics - a new 
paradigm. Clin Biomech (Bristol, Avon). 2008;23 
Suppl 1:S21–30.  

    5.    Woo SL-Y, Adams D, Takai S. The human anterior-
cruciate ligamentand its replacement: biomechanical 
considerations. In: Niwa S, Perren S, Hattori T, edi-
tors. Biomechanics in orthopedics. Tokyo: Springer; 
1993. p. 13–30.  

    6.   Girgis FG, Marshall JL, Monajem A. The cruciate 
ligaments of the knee joint. Anatomical, functional 
and experimental analysis. Clin Orthop. 
1975:216–31.  

    7.    Furman W, Marshall JL, Girgis FG. The anterior 
cruciate ligament. A functional analysis based on 
postmortem studies. J Bone Joint Surg Am. 
1976;58:179–85.  

    8.    Favre J, Luthi F, Jolles BM, Siegrist O, Najafi  B, 
Aminian K. A new ambulatory system for 
comparative evaluation of thee-dimansional knee 
kinematics, applied to anterior cruciate ligament 
injuries. Knee Surg Sports Traumatol Arthrosc. 
2006;14:592–604.  

       9.    Zhang LQ, Shiavi RG, Limbird TJ, Minorik JM. Six 
degrees-of-freedom kinematics of ACL defi cient 
knees during locomotion-compensatory mechanism. 
Gait Posture. 2003;17:34–42.  

     10.    Sati M, de Guise JA, Larouche S, Drouin 
G. Quantitative assessment of skin-bone movement 
at the knee. Knee. 1996;3:121–38.  

    11.    Alexander EJ, Andriacchi TP. Correcting for defor-
mation in skin-based marker systems. J Biomech. 
2001;34:355–61.  

      12.    Benoit DL, Ramsey DK, Lamontagne M, Xu L, 
Wretenberg P, Renstrom P. Effect of skin movement 

artifact on knee kinematics during gait and cutting 
motions measured in vivo. Gait Posture. 
2006;24(2):152–64.  

   13.    Holden J, Orsini J, Siegel K, Kepple T, Gerber L, 
Stanhope S. Surface movement errors in shank 
kinematics and knee kinetics during gait. Gait 
Posture. 1997;5:217–27.  

     14.    Manal K, McClay Davis I, Galinat B, Stanhope 
S. The accuracy of estimating proximal tibial 
translation during natural cadence walking: bone vs. 
skin mounted targets. Clin Biomech (Bristol, Avon). 
2003;18:126–31.  

      15.    Manal K, McClay I, Stanhope S, Richards J, Galinat 
B. Comparison of surface mounted markers and 
attachment methods in estimating tibial rotations 
during walking: an in vivo study. Gait Posture. 
2000;11:38–45.  

       16.    Reinschmidt C, van den Bogert AJ, Nigg BM, 
Lundberg A, Murphy N. Effect of skin movement on 
the analysis of skeletal knee joint motion during 
running. J Biomech. 1997;30:729–32.  

    17.    Andriacchi TP, Alexander EJ, Toney MK, Dyrby C, 
Sum J. A point cluster method for in vivo motion 
analysis: applied to a study of knee kinematics. 
J Biomech Eng. 1998;120:743–9.  

    18.    Waite JC, Beard DJ, Dodd CA, Murray DW, Gill 
HS. In vivo kinematics of the ACL-defi cient limb 
during running and cutting. Knee Surg Sports 
Traumatol Arthrosc. 2005;13:377–84.  

      19.    Kadaba MP, Ramakrishnan HK, Wootten 
ME. Measurement of lower extremity kinematics 
during level walking. J Orthop Res. 1990;8:383–92.  

   20.    Cappozzo A, Catani F, Leardini A, Benedetti MG, 
Croce UD. Position and orientation in space of bones 
during movement: experimental artefacts. Clin 
Biomech (Bristol, Avon). 1996;11:90–100.  

    21.    Cheze L, Fregly BJ, Dimnet J. A solidifi cation pro-
cedure to facilitate kinematic analyses based on 
video system data. J Biomech. 1995;28:879–84.  

     22.    Levens A, Inman V, Blosser J. Transverse rotation of 
the segments of the lower extremity in locomotion. 
J Bone Joint Surg. 1948;30:859–72.  

    23.    Ferber R, McClay Davis I, Williams 3rd DS, 
Laughton C. A comparison of within- and between- 
day reliability of discrete 3D lower extremity 
variables in runners. J Orthop Res. 2002;20:
1139–45.  

    24.    Streiner DL, Norman GR. Health measurement 
scales : a practical guide to their development and 
use. New York: Oxford University Press; 2003.  

    25.    Goujon H, Bonnet X, Sautreuil P, Maurisset M, 
Darmon L, Fode P, et al. A functional evaluation of 
prosthetic foot kinematics during lower-limb 
amputee gait. Prosthet Orthot Int. 2006;30:213–23.  

   26.    Houck J, Yack HJ, Cuddeford T. Validity and 
comparisons of tibiofemoral orientations and 
displacement using a femoral tracking device during 
early to mid stance of walking. Gait Posture. 
2004;19:76–84.  

D.R. Labbe et al.



525

    27.    Marin F, Allain J, Diop A, Maurel N, Simondi M, 
Lavaste F. On the estimation of knee joint kinematics. 
Hum Mov Sci. 1999;18:613–26.  

     28.    Sati M, de Guise JA, Larouche S, Drouin 
G. Improving in vivo knee kinematic measurements: 
application to prosthetic ligament analysis. Knee. 
1996;3:179–90.  

    29.    Ganjikia S, Duval N, Yahia LH, de Guise J. Three- 
dimensional knee analyzer validation by simple 
fl uoroscopic study. Knee. 2000;7:221–31.  

      30.    Labbe DR, de Guise JA, Godbout V, Grimard G, 
Baillargeon D, Lavigne P, et al. Accounting for 
velocity of the pivot shift test manoeuvre decreases 
kinematic variability. Knee. 2011;18(2):88–93.  

    31.    Kinzel GL, Gutkowski LJ. Joint models, degrees of 
freedom, and anatomical motion measurement. 
J Biomech Eng. 1983;105:55–62.  

      32.    Grood ES, Suntay WJ. A joint coordinate system for 
the clinical description of three-dimensional 
motions: application to the knee. J Biomech Eng. 
1983;105:136–44.  

     33.    Kinzel GL, Hall Jr AS, Hillberry BM. Measurement 
of the total motion between two body segments. I 
analytical development. J Biomech. 1972;5:93–105.  

    34.    Cappozzo A. Gait analysis methodology. Hum Mov 
Sci. 1984;3:27–50.  

    35.    Hagemeister N, Parent G, Van de Putte M, St-Onge 
N, Duval N, de Guise J. A reproducible method for 
studying three-dimensional knee kinematics. 
J Biomech. 2005;38:1926–31.  

    36.    Siston RA, Delp SL. Evaluation of a new algorithm 
to determine the hip joint center. J Biomech. 
2006;39:125–30.  

    37.    Lam MH, Fong DT, Yung P, Ho EP, Chan WY, Chan 
KM. Knee stability assessment on anterior cruciate 
ligament injury: clinical and biomechanical 
approaches. Sports Med Arthrosc Rehabil Ther 
Technol. 2009;1:20.  

         38.   Wexler G, Hurwitz DE, Bush-Joseph CA, Andriacchi 
TP, Bach BR Jr. Functional gait adaptations in 
patients with anterior cruciate ligament defi ciency 
over time. Clin Orthop. 1998:166–75.  

    39.    Andriacchi TP, Briant PL, Bevill SL, Koo 
S. Rotational changes at the knee after ACL injury 
cause cartilage thinning. Clin Orthop Relat Res. 
2006;442:39–44.  

     40.    Andriacchi TP, Dyrby CO. Interactions between 
kinematics and loading during walking for the 
normal and ACL defi cient knee. J Biomech. 
2005;38:293–8.  

    41.    Georgoulis AD, Papadonikolakis A, Papageorgiou 
CD, Mitsou A, Stergiou N. Three-dimensional 
tibiofemoral kinematics of the anterior cruciate 
ligament-defi cient and reconstructed knee during 
walking. Am J Sports Med. 2003;31:75–9.  

    42.    Knoll Z, Kocsis L, Kiss RM. Gait patterns before 
and after anterior cruciate ligament reconstruction. 
Knee Surg Sports Traumatol Arthrosc. 
2004;12:7–14.  

      43.    Torry MR, Decker MJ, Ellis HB, Shelburne KB, 
Sterett WI, Steadman JR. Mechanisms of 
compensating for anterior cruciate ligament 
defi ciency during gait. Med Sci Sports Exerc. 
2004;36:1403–12.  

    44.    Alkjaer T, Simonsen EB, Jorgensen U, Dyhre- 
Poulsen P. Evaluation of the walking pattern in two 
types of patients with anterior cruciate ligament 
defi ciency: copers and non-copers. Eur J Appl 
Physiol. 2003;89:301–8.  

      45.    Berchuck M, Andriacchi TP, Bach BR, Reider 
B. Gait adaptations by patients who have a defi cient 
anterior cruciate ligament. J Bone Joint Surg Am. 
1990;72:871–7.  

    46.    Bulgheroni P, Bulgheroni MV, Andrini L, Guffanti P, 
Castelli C. Walking in anterior cruciate ligament 
injuries. Knee. 1997;4:159–65.  

     47.    Perry J. Gait analysis: normal and pathological func-
tion. Thorofare: SLACK Incorporated; 1992.  

    48.    Whittle MW. Gait analysis: an introduction. 
Edinburgh/Toronto: Butterworth Heinemann 
Elsevier; 2007.  

    49.    Chau T, Young S, Redekop S. Managing variability 
in the summary and comparison of gait data. 
J Neuroeng Rehabil. 2005;2:22.  

    50.    Vaughan CL. Are joint torques the Holy Grail 
of human gait analysis ? Hum Mov Sci. 1996;15:
423–43.  

     51.    Andriacchi TP. Dynamics of pathological motion: 
applied to the anterior cruciate defi cient knee. 
J Biomech. 1990;23 Suppl 1:99–105.  

         52.    Roberts CS, Rash GS, Honaker JT, Wachowiak MP, 
Shaw JC. A defi cient anterior cruciate ligament does 
not lead to quadriceps avoidance gait. Gait Posture. 
1999;10:189–99.  

      53.    Hurd WJ, Snyder-Mackler L. Knee instability after 
acute ACL rupture affects movement patterns during 
the mid-stance phase of gait. J Orthop Res. 
2007;25:1369–77.  

    54.    Noyes FR, Schipplein OD, Andriacchi TP, Saddemi 
SR, Weise M. The anterior cruciate ligament- 
defi cient knee with varus alignment. An analysis of 
gait adaptations and dynamic joint loadings. Am 
J Sports Med. 1992;20:707–16.  

      55.    Patel RR, Hurwitz DE, Bush-Joseph CA, Bach B, 
Andriacchi TP. Comparison of clinical and dynamic 
knee function in patients with anterior cruciate 
ligament defi ciency. Am J Sports Med. 2003;31:
68–74.  

    56.    Rudolph KS, Eastlack ME, Axe MJ, Snyder-Mackler 
L. Basmajian Student Award Paper: movement 
patterns after anterior cruciate ligament injury: a 
comparison of patients who compensate well for the 
injury and those who require operative stabilization. 
J Electromyogr Kinesiol. 1998;8:349–62.  

      57.    Beard DJ, Soundarapandian RS, O’Connorc JJ, 
Dodd CA. Gait and electromyographic analysis of 
anterior cruciate ligament defi cient subjects. Gait 
Posture. 1996;4:83–8.  

39 Three-Dimensional Biomechanical Assessment of Knee Ligament Ruptures



526

    58.    Boerboom AL, Hof AL, Halbertsma JP, van Raaij JJ, 
Schenk W, Diercks RL, et al. Atypical hamstrings 
electromyographic activity as a compensatory 
mechanism in anterior cruciate ligament defi ciency. 
Knee Surg Sports Traumatol Arthrosc. 
2001;9:211–6.  

     59.    Rudolph KS, Axe MJ, Buchanan TS, Scholz JP, 
Snyder-Mackler L. Dynamic stability in the anterior 
cruciate ligament defi cient knee. Knee Surg Sports 
Traumatol Arthrosc. 2001;9:62–71.  

    60.    Ferber R, Osternig LR, Woollacott MH, Wasielewski 
NJ, Lee JH. Gait mechanics in chronic ACL 
defi ciency and subsequent repair. Clin Biomech 
(Bristol, Avon). 2002;17:274–85.  

    61.    Hart JM, Ko JW, Konold T, Pietrosimione B. Sagittal 
plane knee joint moments following anterior cruciate 
ligament injury and reconstruction: a systematic 
review. Clin Biomech (Bristol, Avon). 
2010;25(4):277–83.  

    62.    Dumas R, Aissaoui R, de Guise JA. A 3D generic 
inverse dynamic method using wrench notation and 
quaternion algebra. Comput Methods Biomech 
Biomed Engin. 2004;7:159–66.  

    63.    Bulgheroni P, Bulgheroni MV, Andrini L, Guffanti P, 
Giughello A. Gait patterns after anterior cruciate 
ligament reconstruction. Knee Surg Sports 
Traumatol Arthrosc. 1997;5:14–21.  

   64.    Gao B, Zheng NN. Alterations in three-dimensional 
joint kinematics of anterior cruciate ligament- 
defi cient and -reconstructed knees during walking. 
Clin Biomech (Bristol, Avon). 2010;25:222–9.  

    65.    Lewek MD, Chmielewski TL, Risberg MA, Snyder- 
Mackler L. Dynamic knee stability after anterior 
cruciate ligament rupture. Exerc Sport Sci Rev. 
2003;31:195–200.  

    66.    Papadonikolakis A, Cooper L, Stergiou N, 
Georgoulis AD, Soucacos PN. Compensatory 
mechanisms in anterior cruciate ligament defi ciency. 
Knee Surg Sports Traumatol Arthrosc. 
2003;11:235–43.  

    67.    Beynnon BD, Fleming BC, Labovitch R, Parsons 
B. Chronic anterior ligament defi ciency is associated 
with increased anterior translation of tibia during the 
transition from non-weightbearing to weightbearing. 
J Orthop Res. 2002;20:332–7.  

     68.    Marans HJ, Jackson RW, Glossop ND, Young 
C. Anterior cruciate ligament insuffi ciency: a 
dynamic three-dimensional motion analysis. Am 
J Sports Med. 1989;17:325–32.  

    69.   Ellison AE. The pathogenesis and treatment of 
anterolateral rotatory instability. Clin Orthop Relat 
Res. 1980:51–5.  

     70.    Scholten RJ, Opstelten W, van der Plas CG, Bijl D, 
Deville WL, Bouter LM. Accuracy of physical 
diagnostic tests for assessing ruptures of the anterior 
cruciate ligament: a meta-analysis. J Fam Pract. 
2003;52:689–94.  

   71.    Katz JW, Fingeroth RJ. The diagnostic accuracy of 
ruptures of the anterior cruciate ligament comparing 

the Lachman test, the anterior drawer sign, and the 
pivot shift test in acute and chronic knee injuries. 
Am J Sports Med. 1986;14:88–91.  

   72.   Kim SJ, Kim HK. Reliability of the anterior drawer 
test, the pivot shift test, and the Lachman test. Clin 
Orthop Relat Res. 1995:237–42.  

    73.    Liu SH, Osti L, Henry M, Bocchi L. The diagnosis 
of acute complete tears of the anterior cruciate 
ligament. Comparison of MRI, arthrometry and 
clinical examination. J Bone Joint Surg Br. 
1995;77:586–8.  

     74.    Kocher MS, Steadman JR, Briggs KK, Sterett WI, 
Hawkins RJ. Relationships between objective 
assessment of ligament stability and subjective 
assessment of symptoms and function after anterior 
cruciate ligament reconstruction. Am J Sports Med. 
2004;32:629–34.  

   75.    Eastlack ME, Axe MJ, Snyder-Mackler L. Laxity, 
instability, and functional outcome after ACL injury: 
copers versus noncopers. Med Sci Sports Exerc. 
1999;31:210–5.  

   76.    Lephart SM, Perrin DH, Fu FH, Gieck JH, McCue 
FC, Irrgang JJ. Relationship between selected 
physical characteristics and functional capacity in 
the anterior cruciate ligament-insuffi cient athlete. 
J Orthop Sports Phys Ther. 1992;16:174–81.  

   77.    Engstrom B, Gornitzka J, Johansson C, Wredmark 
T. Knee function after anterior cruciate ligament 
ruptures treated conservatively. Int Orthop. 
1993;17:208–13.  

    78.    Pollet V, Barrat D, Meirhaeghe E, Vaes P, Handelberg 
F. The role of the Rolimeter in quantifying knee 
instability compared to the functional outcome of 
ACL-reconstructed versus conservatively-treated 
knees. Knee Surg Sports Traumatol Arthrosc. 
2005;13:12–8.  

    79.    Jonsson H, Riklund-Ahlstrom K, Lind J. Positive 
pivot shift after ACL reconstruction predicts later 
osteoarthrosis: 63 patients followed 5-9 years after 
surgery. Acta Orthop Scand. 2004;75:594–9.  

   80.    Tamea Jr CD, Henning CE. Pathomechanics of the 
pivot shift maneuver. An instant center analysis. Am 
J Sports Med. 1981;9:31–7.  

    81.   Leitze Z, Losee RE, Jokl P, Johnson TR, 
Feagin JA. Implications of the pivot shift in the 
ACL- defi cient knee. Clin Orthop Relat Res. 2005:
229–36.  

    82.   Galway HR, MacIntosh DL. The lateral pivot shift: a 
symptom and sign of anterior cruciate ligament 
insuffi ciency. Clin Orthop Relat Res. 1980:45–50.  

    83.    Hefti E, Müller W, Jakob R, Stäubli H. Evaluation of 
knee ligament injuries with the IKDC form. Knee 
Surg Sports Traumatol Arthrosc. 1993;1:226–34.  

    84.    Lane CG, Warren R, Pearle AD. The pivot shift. 
J Am Acad Orthop Surg. 2008;16:679–88.  

    85.    Noyes FR, Grood ES, Cummings JF, Wroble RR. An 
analysis of the pivot shift phenomenon. The knee 
motions and subluxations induced by different 
examiners. Am J Sports Med. 1991;19:148–55.  

D.R. Labbe et al.



527

    86.    Amis AA, Cuomo P, Siva Rama RB, Giron F, Bull 
AM, Thomas R, et al. Measurement of knee laxity 
and pivot-shift kinematics with magnetic sensors. 
Oper Techn Orthop. 2008;18:8.  

    87.    Kubo S, Muratsu H, Yoshiya S, Mizuno K, Kurosaka 
M. Reliability and usefulness of a new in vivo mea-
surement system of the pivot shift. Clin Orthop Relat 
Res. 2007;454:54–8.  

    88.    Bull AM, Earnshaw PH, Smith A, Katchburian MV, 
Hassan AN, Amis AA. Intraoperative measurement 
of knee kinematics in reconstruction of the anterior 
cruciate ligament. J Bone Joint Surg Br. 
2002;84:1075–81.  

    89.    Hoshino Y, Kuroda R, Nagamune K, Yagi M, 
Mizuno K, Yamaguchi M, et al. In vivo measure-
ment of the pivot-shift test in the anterior cruciate 
ligament-defi cient knee using an electromagnetic 
device. Am J Sports Med. 2007;35:1098–104.  

   90.    Lopomo N, Zaffagnini S, Bignozzi S, Visani A, 
Marcacci M. Pivot-shift test: Analysis and quantifi -
cation of knee laxity parameters using a navigation 
system. J Orthop Res. 2010;28:164–9.  

    91.    Lane CG, Warren RF, Stanford FC, Kendoff D, 
Pearle AD. In vivo analysis of the pivot shift phe-
nomenon during computer navigated ACL recon-
struction. Knee Surg Sports Traumatol Arthrosc. 
2008;16:487–92.  

      92.    Labbe DR, de Guise JA, Mezghani N, Godbout V, 
Grimard G, Baillargeon D, et al. Feature selection 
using a principal component analysis of the kinemat-
ics of the pivot shift phenomenon. J Biomech. 
2010;43(16):3080–4.  

      93.    Labbe DR, de Guise JA, Mezghani N, Godbout V, 
Grimard G, Baillargeon D, et al. Objective 
grading of the pivot shift phenomenon using a 
support vector machine approach. J Biomech. 
2011;44(1):1–5.  

    94.    Ho R. Handbook of univariate and multivariate data 
analysis and interpretation with SPSS. Chapman: 
Chapman & Hall/CRC; 2006.  

    95.    Chan YY, Fong DT, Chung MM, Li WJ, Liao WH, 
Yung PS, et al. Identifi cation of ankle sprain motion 
from common sporting activities by dorsal foot kine-
matics data. J Biomech. 2010;43:1965–9.  

   96.    Lauer RT, Smith BT, Betz RR. Application of a 
neuro-fuzzy network for gait event detection using 
electromyography in the child with cerebral palsy. 
IEEE Trans Biomed Eng. 2005;52:1532–40.  

   97.    Giansanti D, Macellari V, Maccioni G. New neural 
network classifi er of fall-risk based on the 
Mahalanobis distance and kinematic parameters 
assessed by a wearable device. Physiol Meas. 
2008;29:N11–9.  

    98.    Lau HY, Tong KY, Zhu H. Support vector machine 
for classifi cation of walking conditions of persons 
after stroke with dropped foot. Hum Mov Sci. 
2009;28:504–14.  

    99.    Landis JR, Koch GG. The measurement of observer 
agreement for categorical data. Biometrics. 
1977;33:159–74.  

    100.    Andriacchi TP, Mundermann A. The role of ambula-
tory mechanics in the initiation and progression of 
knee osteoarthritis. Curr Opin Rheumatol. 
2006;18:514–8.  

    101.    Scarvell JM, Smith PN, Refshauge KM, Galloway 
HR, Woods KR. Association between abnormal 
kinematics and degenerative change in knees of peo-
ple with chronic anterior cruciate ligament defi -
ciency: a magnetic resonance imaging study. Aust 
J Physiother. 2005;51:233–40.  

    102.    Peeler J, Leiter J, MacDonald P. Accuracy and reli-
ability of anterior cruciate ligament clinical exami-
nation in a multidisciplinary sports medicine setting. 
Clin J Sport Med. 2010;20:80–5.    

39 Three-Dimensional Biomechanical Assessment of Knee Ligament Ruptures



529© Springer-Verlag London 2016 
D.G. Poitout (ed.), Biomechanics and Biomaterials in Orthopedics, 
DOI 10.1007/978-1-84882-664-9_40

      Knee Ligamentoplasty: Prosthetic 
Ligament or Ligament Allograft?                     

     Dominique     G.     Poitout       and     B.     Ripoll    

      Lesions of the central pivot of the knee are 
responsible for chronic disabling instabilities 
which, in the long term, lead to irreversible 
arthrotic destruction of the articular surfaces. 
Since 1980, we have been using synthetic liga-
ments and, more recently, since 1986, preserved 
human ligaments. The principle of ligamento-
plasty is quite simply to replace torn ligaments 
with a prosthesis, aiming to reproduce the ana-
tomical course of the ligament and its functional 
properties as faithfully as possible. 

 The main advantages of these techniques are: 
 Shortening of the time under surgery, 
 The other anatomical structures of the knee 

are not damaged, 
 And the possibility of early rehabilitation. 

    General Biomechanics 

    Basic Properties 

 A mechanical evaluation of an artifi cial ligament 
is only useful if it is compared with the properties 
of the corresponding human ligament. 

    The Parameters 
 The parameters evolve along the usual tension–
elongation curve which determines the behavior 
of the ligament. Extreme stresses are only 
encountered in traumatological circumstances. 

 The rigidity of the ligament directly affects 
the function of the joint because if it is too rigid, 
it requires an intense muscular effort to mobilize 
the knee and risks causing tearing of the ligament 
or its attachments; if it is too weak, it will prevent 
the ligament from playing its stabilizing role. 

 Apart from  rigidity , the main parameters 
therefore seem to us to be the values of strength 
and elastic lengthening which, more than the 
maximum values, represent the true tolerance 
limit of the ligament as well as the time it takes 
for the initial length of the ligament to recover 
after single stretching.  

    Measuring Methods 
 Two main methods can be used: 

 A specimen involving the ligament and the 
bone consists of removing knees from cadavers, 
and dissecting them until only the anterior 
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 cruciate ligament connects the two articular 
surfaces. 

 Another way of testing ligaments consists of 
attaching them directly to the inside of traction 
machines, using grips. 

 The problem with this technique is that with 
grips there are always phenomena which crush 
and lacerate the tissue, which can alter its 
elasticity or its strength, hence the preparation of 
a cone-shaped device which surrounds the ends 
of the ligaments fi xed in acrylic resin.  

    Mechanical Properties of the Human 
Anterior Cruciate Ligament 
and of Prosthetic Ligaments 
 As far as the mechanical properties of the anterior 
cruciate ligament of a cadaver is concerned, it 
would appear that there is no signifi cant differ-
ence between the results obtained on a frozen 
specimen after being frozen for several months. 

 On the other hand, the age of the subject dis-
plays a difference in the maximum average 
strength between a group of subjects approxi-
mately 60 years of age and a group of subjects 
approximately 20 years of age with the strength 
being double. 

 As far as the rate of elongation is concerned, it 
seems that the maximum strength of the human 
anterior cruciate ligament increases with 
elongation and it is often seen that although a 
slow rate leads to tearing due to bone avulsion, a 
rapid rate is more likely to lead to the ligament 
tearing in its middle part.   

    The Life of a Ligament 

 Two series of tests can be used in practice: 
 Cyclical tensioning tests, 
 Cyclical deformation tests. 
 As far as cyclical tensioning is concerned, the 

variations in tension experienced by the ligament 
during fl exion–extension of the knee are 
reproduced, at the end of which each ligament 
has its residual elongation measured and a 
maximum elongation test is performed to assess 
the changes in the strength and rigidity of this 
ligament, compared with a new ligament. 

 When a cyclical deformation test is used, the 
resistance to repeated fl exion is analyzed, 
combining constant, fi xed-angle fl exion of the 
ligament and continuous axial rotation of this 
ligament. This test therefore varies the points 
where maximum tension and compression forces 
are applied in a homogeneous manner on the 
periphery. At the end of this test, the ligament is 
subjected to a maximum elongation test. 

 Implantation in vivo in animals is certainly the 
method most used in research on synthetic 
ligaments. However, the frequency with which 
premature tears occur in the implant is regret- 
table as are the problems associated with applying 
the observations made in animal studies to man.   

    Biocompatibility and Rehabilitation 

    Biocompatibility 

    The Risks 
 In the case of ligament prostheses, general 
tolerance at a distance from the implant can take 
several forms, whether it be problems associated 
with general cytotoxicity, allergic reactions, 
toxicity specifi c to an organ, or teratogenicity. 

 As for local tolerance, it has to be dissociated 
from the local infl ammatory reaction connected 
with the introduction of any kind of foreign body 
into the system. This reaction does not affect 
biocompatibility, insofar as it ends after a few 
days or a few weeks to make way for stabilization 
of the interface. 

 Carcinogenicity can be linked either to the 
chemical structure of the implants, or to their 
physical structure. 

 Although most of the polymers used have 
proved to be carcinogenic in animal studies under 
certain conditions, these phenomena are very rare 
in man and are only present in a few rare cases of 
sarcomas seen near vascular prostheses made of 
Dacron.  

    The Tests 
 Tests in vitro, consisting of placing the material 
studied in a cell culture and observing the 
reciprocal interactions between these two 
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elements, are interesting because they are rapid 
(of the order of a few hours to a few days), 
reproducible, and specifi c. 

 In vivo tests make it possible to take into 
account the stresses connected with the 
functioning of the prosthesis and, in particular, 
involving the immune system of the host through 
the host’s reaction to foreign bodies, the course 
of which, to a large extent, determines the 
tolerance of the implant.   

    Rehabilitation of the Artifi cial 
Ligament 

 Colonization of the prosthesis by the tissues of the 
host – or rehabilitation – is a phenomenon very 
much linked to its biotolerance. This idea of the 
prosthesis being a more or less temporary support 
for a biological new ligament is very debatable 
and many papers demonstrate that the mechanical 
role of this recolonization is extremely limited. 

 The chemical nature of the implant can 
become involved in this phenomenon as well as 
its physical nature and it seems to be an 
established fact that, far more than the diameter 
of the fi bers or their direction, it is the porosity of 
the implant which is the decisive factor. 

 Finally, the mechanical stresses seem to be 
just as important in maintaining the functional 
properties of the ligaments. And, conversely, 
immobilization is responsible for considerable 
fragilization of the ligament tissue and its 
insertions.   

    The Ligaments Used 

    Artifi cial Ligaments 

    Carbon 
 Carbon ligament prostheses consist of elementary 
fi laments 5–10 μm in diameter, grouped into 
unidirectional bundles or in plaited or twisted 
strands of several thousand elements. Endurance 
in traction is theoretically very high. However, 
when this strength is measured on a traction 
machine, the fi gures are often clearly lower than 

the theoretical value anticipated. Shear strength 
is poor, which leads to fragmentation of the fi bers 
and, when histological slices are taken, many 
breaks in the fi laments can be seen. 

 Plaiting the fi bers considerably reduces the 
rigidity of the prostheses. It seems that the best 
results are obtained for a ligament consisting of 32 
strands of 3000 fi laments plaited at an angle of 43°. 

 As far as biocompatibility is concerned, tak-
ing account of the usual fragmentation of carbon 
fi bers, this is seen to turn into a foreign body, 
rapidly developing into abundant and regular 
fi brosis, the mechanical properties of which are, 
however, insuffi cient to replace a prosthetic 
ligament. On the other hand, the possibility of 
lymphatic drainage is proven by the almost 
constant discovery of carbon in the regional 
ganglions. 

 Carbon ligaments also poses problems for the 
anchorage technique, because the fragility of the 
fi bers makes it diffi cult to attach them. 

 To summarize, carbon fi ber is a material 
which, mechanically, has great resistance to 
traction, very high rigidity, and poor resistance to 
shearing forces, in spite of the various plaiting 
and sheathing measures adopted. Used as a 
cruciate ligament prosthesis, it inevitably breaks 
with the stresses being relayed progressively to 
the fi brous new ligament which appears, the 
mechanical properties of which are inadequate to 
ensure that this function is effective.  

    Polyethylene 
 High-molecular-weight polyethylene is largely 
used by orthopedists for manufacturing total hip 
acetabula on account of its excellent resistance to 
abrasion. Several ligaments have been made 
since 1974, consisting of strands of plaited 
fi laments, the shape of which varies according to 
the type of ligament used (polyfl ex of Cendis). 

 As far as the basic properties of this ligament 
are concerned, it appears that: 

 The elastic strength is very limited, 
 The recovery time after single tensioning is 

short, 
 And experiments performed at different ten-

sions show the slowness with which the ligament 
returns to its initial length. 
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 As far as its biocompatibility and rehabilitation 
are concerned, polyethylene displays no cytotoxic 
effects and is well tolerated by the host tissues. 

 In summary, high-molecular-weight polyeth-
ylene has good biological tolerance. The attach-
ment methods of certain ligaments, such as 
Cendis, for example, make it easy to use, all the 
more so that their mechanical properties are 
wholly satisfactory.  

    Polypropylene 
 Polypropylene is a synthetic polymer which has 
been suggested as a strengthening prosthesis. An 
example is Kennedy Lad. This is a plait of twisted 
polypropylene which is used to strengthen 
ligamentoplasty and is sutured along the whole 
course of the transplant. 

 As far as the basic properties are concerned: 
the rigidity of the plait is linear, with the tension–
elongation curve having a uniform slope up to 
break point. The maximum elastic strength values 
are, consequently, diffi cult to measure. 

 As far as the in vivo life of the plait itself is 
concerned, it would appear that the overall solidity 
of attachment increases with time and stabilizes as 
from the sixth month; the rigidity reaches values 
of the order of 100 kg Newton per meter and is 
therefore similar to that of normal ligaments. 

 As far as the biocompatibility of the product is 
concerned, using polypropylene as suture 
material has never posed major tolerance 
problems, even in the long term.  

    Polytetrafl uoroethylene 
 Polytetrafl uoroethylene, which is still called 
Tefl on, is used as a biomaterial under the name of 
Gortex for vascular prostheses or cruciate 
ligament prostheses. As far as its basic properties 
are concerned: tearing always occurs suddenly 
by pulling an attachment eyelet hole, without 
previously modifying the slope of the curve. 

 The maximum resistance value is very high on 
isolated ligaments and its rigidity increases with 
the degree of elongation, but is close to that of the 
cruciate ligament for its area of physiological use.  

    Dacron 
 Dacron is certainly the most used of the synthetic 
polymers of the ethylene polyterephthalate 

family. It is a material with an essentially fi brous 
structure used in the form of a plaited or knitted 
strand still called Dacron Velvet. The large mesh 
of this latter type of ligament is intended to 
encourage good assimilation of the implant into 
the host tissue. 

 As far as its biocompatibility is concerned, 
tests on cell culture show the absence of any 
cytotoxic effect by Dacron but an analysis of the 
implantation phenomena in vivo is interesting 
because a gradual improvement can be seen in 
the signs of infl ammation, as fi brous encapsulation 
of the ligament takes place. In the intra-articular 
position, dacron only seems to produce moderate 
and transitory synovial reactions where the 
implant remains intact. On the other hand, major 
infl ammatory reactions with changes in the 
cartilage and in the synovial membrane can be 
seen if the prosthesis breaks. 

 As far as carcinogenicity is concerned; under 
certain conditions many synthetic polymers, 
including Dacron, have a carcinogenic effect in 
animals, almost exclusively in rodents. This 
phenomenon occurs very rarely in man for the 
materials currently used. Three cases of sarcoma 
have been published after a Dacron vascular 
prosthesis was implanted. This suggests that man 
is only slightly prone to these phenomena or at 
least that there are very long latency periods of 
the order of several decades. 

 To summarize, Dacron is generally fairly well 
tolerated biologically. The most worrying 
problem is not the solidity of the implants but the 
fairly common occurrence of reactional synovitis 
which sometimes makes it necessary to remove 
the synthetic material.   

    Tendon Allografts 

 Although ligament or tendon autografts are 
well tolerated, and widely used, they do, how-
ever, mean that a neighboring tendon or liga-
ment has to be sacrifi ced, the removal of which 
prolongs the time of the operation and alters the 
bio- mechanical conditions of the functioning of 
the joint. 

 Xenografts of bovine origin are closer to the 
ligament prostheses treated with glutaraldehyde 
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for increasing the reticulation of the collagen 
fi bers. They are currently rarely implanted in 
man because of their poor biocompatibility and 
their inadequate mechanical properties. 

 Ligament and tendon allografts make it possible 
to replace the anterior cruciate ligament as an auto-
graft without sacrifi cing a neighboring tendon. 

 The specifi cation for ligament and tendon 
allografts is as follows: 

 The allograft has to have a similar morphologi-
cal structure and mechanical properties to those of 
the ligament replaced. 

 It has to be perfectly well tolerated. 
 In the long term, it has to be able to be 

recolonized by the cells of the host to which it 
will serve as directional support. 

 The way in which it is obtained has to be 
compatible with the legislation on organ removal. 

 It has to be able to be preserved and stored in 
a sterile manner without suffering major 
decomposition. 

 Its surgical implantation has to be easy, cause 
little trauma, and allow the graft to be fi rmly 
anchored. 

 Finally, the properties of the allograft have to 
be stable over time. 

    Different Allografts Which Can Be Used 
 Allografts have to be taken from young donors, 
so that the force and stress values at rupture are 
similar to those of a normal ligament (1725 
Newtons). The allograft that would best meet the 
morphology and structure criteria would, of 
course, be an allograft of an anterior cruciate 
ligament, however, the choice of this ligament 
presents considerable technical problems. The 
patellar tendon, on the other hand, can be easily 
removed with two bone insertions on the patella 
and the tibia; it is suffi ciently long and has 
mechanical properties which are clearly superior 
to those of the anterior cruciate ligaments, even if 
it is reduced to its middle third.  

    Preservation by Cryogenics Seems 
 In order to avoid transmitting any infectious, 
bacterial, viral, or mycotic pathologies to the 
host subject, it is necessary to have a sterile 
allograft. The allograft is removed in the operat-
ing theater from selected donors with all the 

usual asepsis- related surgical precautions. The 
graft is then packed in a sterile pack bathed in an 
antibiotic- containing solution and frozen to 
−198°C in the Blood Transfusion Center. Other 
methods for sterilizing the allograft by irradia-
tion or exposure to ethylene oxide were found 
not to be satisfactory.  

    Tolerance in the Host Subject 
 Although the different cellular and protein 
components which the ligament allografts 
removed in isolation contain can trigger an 
immune response, the apatite contained in the 
bone as well as in the collagen of the tendon does 
not trigger a clinically perceptible immune 
response. 

 Allografts preserved by freezing do not trigger 
the appearance of the immune HLA group as has 
been proved by various immunological studies 
performed at the Blood Transfusion Center in 
Marseilles.  

    Mechanical Studies 
 The graft consisting of the central third of the 
patellar tendon together with its insertions has 
been studied mechanically. Creep tests as well 
as traction tests right up to rupture show that: 
freezing does not alter the appearance, the 
color, or the mechanical properties of the grafts; 
which is not the case for an irradiated tendon – 
which takes on a board-like appearance –, or an 
irradiated and freeze-dried tendon, the fi bers of 
which come apart and have a fi brillary 
appearance. 

 The problem with these grafts is the mechani-
cal behavior in situ in the long term during revas-
cularization. Experimental studies are currently 
being conducted to see what the importance is of 
this revascularization and its effect on the 
mechanics of the joint in the months and years 
following implantation.    

    Conclusion 

 Apart from the unexpected gain in solidity, 
synthetic ligaments often also have the advan-
tage of shortening the operating time and 
allowing early rehabilitation. 

 The design of a prosthesis of this kind 
should, in our view, most defi nitely be directed 
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towards an implant which is itself capable of 
bearing all the stresses to which the anterior 
cruciate ligament is subjected immediately 
after implantation and in the long term. 
However, the idea of new ligaments which a 
more or less biodegradable implant could pro-
duce or of a functional unit that combining 
synthetic material and newly formed tissue 
would produce, although a satisfying idea, 
seems to us to be illusory from a practical 
point of view. We have seen some of the mod-
els proposed and have shown the striking cor-
relation which exists between the mechanical 
properties of the prosthetic ligaments and the 
quality of the results obtained when they are 
implanted in man. 

 As far as the use of preserved ligament 
allografts are concerned, according to the fi rst 
clinical results, it would appear that there is a 
considerable percentage of joint laxity when 
these are used. 

 The solution, perhaps, is to combine a pre-
served allograft and a reinforcing prosthetic 
ligament, which would prevent stresses being 
exerted directly on the allograft during its 
rehabilitation period (2–3 years), with the 
prosthetic ligament being ruptured when the 
allograft has regained satisfactory mechanical 
behavior. 

 Only the test of time will, of course, be able 
to confi rm whether such a choice is well 
founded.      
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