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SUPPLEMENT 1  

ORIGIN AND EVOLUTION OF BONE AND LIMBS. 

1. Introduction. 

Form and function are closely related in nature. To understand the function of the 

knee joint, both in humans and in the animal model that is used in this thesis, it is 

worthwhile to take a look at its anatomy and morphology and in which respects they 

are different or similar. 

The form and structure of the skeleton as a whole, and thus also of the limbs and the 

knee joint in particular, are the result of two driving forces: evolution (with its genetic 

basis) and natural selection on the one hand, remodelling and functional adaptation on 

the other. The latter has been discussed in chapter 1. In this supplement the former 

will be briefly reviewed. 

Evolution and natural selection as well as functional adaptation can be understood in 

terms of interaction between an organism and its environment, leading to a certain 

degree of optimisation. The mechanism behind the two processes, however, is entirely 

different. Evolution is a stochastic process. Mutations of the genes are caused by 

chance and result in a change of form and/or function, which can be advantageous, 

neutral or disadvantageous in a given context. Interaction with the environment weeds 

the disadvantageous changes out and reinforces proliferation of the others (“survival 

of the fittest”), but it does not guide the evolutionary process. This is of course a very 

crude depiction of the evolutionary process, the subtleties of which have been 

thoroughly studied since the inception of the theory by Darwin [1]. Since 

advantageous mutations are rare (certainly in complex organisms), evolution works 

over long periods of time (Figure 1). Although the result of evolutionary change and 

natural selection might seem goal-oriented in hindsight, the process itself is 

purposeless. 

Functional adaptation is a process by which environmental factors (usually 

mechanical, but electromagnetic or chemical influences can also be important) 

influence the form or structure/composition of the tissues directly. Local mechanical 

stress imposed upon bones may stimulate or suppress formation of novel bone at that 

site. In this way the mechanism of functional adaptation can optimise the geometry or 

structure of the tissue for the function it has to perform. The ability itself of some 
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tissues to adapt to environmental influences is probably the result of an evolutionary 

process.  

The overall structure of the skeletons and limbs of a wide variety of vertebrates is 

strikingly similar, in spite of their different ways of life. The correspondence, bone by 

bone, can easily be seen in the limbs, but also in every other part of the body. This 

fact inevitably leads to the conclusion that the structure of the skeleton is primarily 

determined by the evolutionary process and that mechanical adaptation only modified 

the form of individual bones as they adapted to different ways of life.  

We will therefore first and briefly review the history of this evolutionary process in so 

far as it has been reconstructed [2]. We will not only describe the changes in anatomy 

and morphology, but also try to explain why they were advantageous. Much more is 

already known than we will be able to describe in a limited space. We will therefore 

restrict this overview to a number of milestones: the development of the first skeletons 

and bone, the origin and development of quadruped limbs, the transition from 

reptilian to mammalian limb architecture. 
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Figure 1: The geological timeline. 

The earth is over 4.5 billion years old according to current estimates [3]. The very first 

signs of life on earth can be traced back to 3.8 billion years ago. Life was thus 

established fairly quickly, almost as soon as the conditions on earth permitted it. For 

the following 3.2 billion years, however, life consisted exclusively of single cells. 

More complex, multicellular organisms appear only 600 million years ago. Starting 

from this time nature started tinkering with several anatomical designs.  

This led to the so-called Cambrian explosion (545 million years ago, Figure 1). In ±15 

million years (a wink of an eye in evolutionary terms) a large number of animals 

appeared with hundreds of different body-plans. Fossils of these creatures are found 

world-wide in all sedimentation layers of that period indicating that they were 

widespread (in the oceans, the land was not yet colonised at that time).  
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The current fossil record shows that of the 180 different skeletal designs nowadays 

used in living animals, 146 were already developed by the early Middle Cambrian. In 

other words: 80% of all designs appeared within 6% of overt animal history [4]. This 

rapid exploitation of opportunities was facilitated by the parallel evolution of 

complex, biologically tailored multilayer composites constructed from a variety of 

organic and inorganic materials.  

Subsequent evolutionary changes, even the migration from the waters onto land, 

involved only modifications of those basic body plans. Two novelties, introduced at 

that time, interest us in this text: the development of animals with a skeleton, 

constructed through a process of biomineralisation, and the introduction of limbs. 

 

2. Origin and evolution of (endo)skeletons [5]. 

2.1. The origin of (endo)skeletons. 

Until very recently most palaeontologists believed that only organisms with an 

external skeleton already existed during the Cambrian explosion. Their shell was 

usually made of calcium carbonate, but also, in a number of cases, of calcium 

phosphate (which still is the mineral phase in vertebral bones now) or silica. Two 

recent fossil findings of 530 million year old fish-like creatures in Chengjiang 

(China), however, have also pushed back the origin of vertebrates to this period or 

even earlier [6, 7]. One of the specimens (Haikouichthys) features a skull and fin rays 

presumably made of mineralised cartilage. Neither animal, however, shows evidence 

for unequivocal biomineralisation, although they are undoubtedly vertebrates (defined 

as animals with a neural crest, a skull, a large heart and a number of other unique 

features). 

Many lineages of animals thus independently evolved hard parts (both exo- and 

endoskeletons) at about the same time. The reasons for this are still debated, but a 

leading theory is that the amount of oxygen in the atmosphere had finally reached 

levels that allowed large, complex animals to exist. Oxygen levels may also have 

facilitated the metabolic processes that produce collagen, a protein building block that 

is the basis for hard structures in the body [8]. Recurring features of skeletal structural 

materials suggest that a common regulatory network of genes controls their 

development [9]. This genetic machinery probably was already present in a common 
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ancestor of vertebrates and invertebrates, which itself had no hard parts. The 

explanation for this might be that organised calcification depends on suppression of 

uncontrolled crystal formation in the highly supersaturated state of the old ocean 

waters rather than its stimulation. Hence, a genetic mechanism must have been 

present to prevent mineralisation in pre-Cambrian organisms. The subsequent 

formation of skeletons was enabled by a regulatory system to switch this genetic 

mechanism off and permit crystallisation to proceed locally and in a highly controlled 

manner [10]. 

Based on recent fossil findings and what is now known from embryology, the 

following scenario leading to vertebrates has been devised [11]. The true innovation 

that marked the beginning of the transition between invertebrates and vertebrates 

probably was the emergence of the neural crest, a new kind of embryonic tissue. This 

innovation enabled the formation of a brain, a nervous system and of new sensory 

organs like eyes or nasal organs. Once animals disposed of these advanced organs, 

they could shift from small, passive filter feeders (like most soft-bodied organisms) to 

large, active predators. Thus, the rather peaceful pre-Cambrian world was transformed 

in a warlike place where hunters incessantly chased their prey.  

This evolution started an arms race that has never stopped since. It comes as no 

surprise then that the first skeletal elements that have been found were shells and 

teeth. The first (ancestors of) vertebrates featuring real mineralised tissues are indeed 

conodont animals (although their classification is still controversial). These small eel-

like creatures without a backbone but with a pair of giant eyes and a gaping mouth 

carrying tiny bone-like teeth scoured the seas for prey (Figure 2). Their teeth are 

found in large amounts in sedimentation layers between 510 and 220 million years old 

(Late Cambrian until Triassic). Thus, it seems that the evolution of bone tissue was a 

relatively late development in the vertebrate lineage. 

Once animals had acquired the ability to form mineralised tissue for teeth, it was 

predictable that this tissue would be used for other purposes. First, vertebrates 

developed a more advanced backbone and a bony skull (whereas a cartilaginous skull 

is already present in early Cambrian fossils [6]) to protect their precious new brain. 

This innovation appears in Ostracoderms, a now extinct group of heavily armoured 

jawless filter-feeding fishes that lived from the Ordovician until the Devonian, 

between 470 and 370 million years ago. They featured an external craniopharyngeal 
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armour made of dermal bone (like the carapace of a turtle), but their endoskeleton was 

entirely cartilaginous [12]. 

 

 

Figure 2: Reconstruction of the euconodont and its teeth (adapted from [5]). 

Still later (in the Silurian, from 440 until 410 million years ago), Osteichthyes, fishes 

with a bony endoskeleton, appeared. In these animals, the bones were probably 

formed through bone apposition at the periphery of a cartilage precursor (perichondral 

ossification). The modern mechanism of bone development consists of a combination 

of endochondral ossification (replacement of a cartilage precursor from within the 

bone, starting in the middle and gradually proceeding towards the bone ends) with 

perichondral ossification [12]. This is only widespread in Devonian Osteoichthyes. 

The fossil record of Osteoichthyes is very incomplete, however. The oldest 

representative is found in a 400 million years old site [13]. Consequently, it is not 

possible at the moment to tell from what kind of ancestry the Osteichthyes emerged. It 

is certain though that all tetrapods derive from this group of fishes and inherited their 

capacity to form bone and use it as a building material for the skeleton. By the time 

the Devonian tetrapods appeared (around 370 million years ago), the combination of 

endochondral ossification and perichondral bone apposition was established as the 

mechanism of long bone formation. The original external dermal bone had by then 

evolved to a form of internal ossification that is nowadays still crucial to the 

formation of the skull bones and shoulder girdle in most vertebrates. 
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In the oldest tetrapods, the long bones developed presumably like in living crocodiles 

and turtles: perichondral apposition proceeds faster than endochondral ossification, 

resulting in an encased cartilage cone at the end of the long bone, without the 

emergence of a secondary ossification centre. Erosion of this cartilage occurs in a 

poorly organised manner and there is no or little secondary remodelling. The 

trabecular bone orientation was thus primarily defined by the surface geometry of the 

cartilage erosion front, rather than the stress trajectories [12].  

Later on, the process of endochondral ossification became more organized and 

efficient in subgroups of the tetrapods like lizards and mammals. In these animals, 

endochondral ossification proceeds at the same rate as perichondral bone apposition 

during formation of the long bones. Thus, cartilage cones do not appear, but 

secondary centres of ossification easily arise at the bone ends, provided that normal 

mechanical loading is present. The cancellous bone is secondarily remodeled, such 

that its porosity and preferred orientation are adjusted to the local tissue stresses [12]. 

 

2.2. Evolutionary advantages and function of (endo)skeletons. 

Skeletons (be it exoskeletons or endoskeletons) clearly have a number of mechanical 

advantages. The most significant probably is that it provides protection against 

predators. As an interesting bonus (though less important in a supporting aquatic 

environment), the skeleton supports the body, enabling it to become larger compared 

to that of soft-bodied animals. Size is advantageous from a metabolic point of view. 

Heat loss is indeed proportional to the surface area of the body, while heat production 

is proportional to the volume of the body.  Therefore, larger animals live more 

economically and require less food compared to smaller animals to maintain a 

constant body temperature [14].  

Moreover, in the case of endoskeletal structures, the combination of their dynamical 

character and their strength makes them useful for support of the body, even during 

growth. This led to an evolutionary advantage, since an external skeleton is not 

capable of this feat, which allows vertebrates to achieve larger size than invertebrates. 

To support an enlarging body, the walls of exoskeletons as well as the bones of 

endoskeletons naturally need to be thicker. The thickness of the bones of an internal 

skeleton does not inhibit flexion or extension of the joints, but thick walls of the 

exoskeleton do and this limits the size of invertebrates too.  
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Finally, the endoskeleton is, or may have evolved to become, responsive to 

mechanical loads such that bones can adapt themselves to changing demands to which 

they are subjected and repair damage resulting from large mechanical solicitations. 

This is another advantage of endoskeletons over the exoskeleton of invertebrates (or 

the dermal bones of the first vertebrates). However, the sensitivity of the bones of 

mammals and some other tetrapods to mechanical stimuli contrasts with the heavy, 

poorly remodelled bone of early tetrapods, and secondary marine mammals and birds 

like sea otters and penguins. This suggests that the ability of the endoskeleton to adapt 

to its mechanical function is not an inherent quality of bone. Rather, it is the result of 

an evolutionary process that can be just as easily reversed [12]. 

Apart from this, mineralised tissues also have a chemical function. The use of calcium 

phosphates as the mineral phase of bones enables the body to use the skeleton as a 

reservoir of two very important elements to sustain life. Marine invertebrates exhibit 

interstitial fluid compositions essentially the same as that of the surrounding seawater. 

But the composition of the internal body fluids becomes different from its 

surroundings starting with bony fishes, and a regulatory mechanism is then needed to 

keep it constant. Marine waters provide abundant calcium, but only traces of 

phosphate. Since relatively high levels of phosphate are characteristic of the body 

fluids of higher vertebrates, it seems likely that a large, readily available internal 

phosphate reservoir would make bony vertebrates much more independent of the 

external environment [15, 16]. Moreover, with the emergence of terrestrial forms, the 

availability of calcium regulation became equally significant as that of phosphorus 

and bone could also provide for this function. The mechanisms that evolved to 

maintain ion concentrations in the body fluids (e.g. the development of parathyroid 

glands and vitamin D) led to a more metabolically active skeleton. The consequential 

increase in activity of the cells in skeletal tissues in turn led to an enhanced ability to 

respond to epigenetic factors such as systemic hormones and, possibly, local 

mechanical stimuli [12]. 

 

3. Origin and evolution of limbs and joints [17, 18]. 

The first animals with limbs, the phylum Arthropoda, appear in the Cambrian. Crabs, 

lobsters, all insects and spiders are descendants of the first arthropods. Although the 

structure and number of their appendages at first sight bears little resemblance to the 
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appendages of the vertebrates (members of the phylum Chordata), it is interesting to 

mention this here. Both arthropods and vertebrates developed active locomotion (in 

contrast to many other phyla), evolving strong antero-posterior differentiation and 

jointed-lever skeletons. In arthropods these emerged as exoskeletons, in vertebrates 

they are predominantly internal. But despite their huge difference in appearance, 

research in developmental biology has shown that the regulatory genes controlling the 

development of the body plan in both arthropods and vertebrates are almost identical, 

although vertebrates have more copies of them [19]. Thus, these distinctive types of 

skeleton reflect similar prescriptive patterns of embryogenesis that appear to have 

evolved long before hard skeletons emerged [20]. The genetic template for the 

development of limbs was thus already laid out at least 600 million years ago, in a 

common ancestor of vertebrates and arthropods that probably had no limbs itself. 

 

3.1. The first vertebrate limbs: fins of fishes. 

The first limbs in vertebrates were the fins of fishes. The most primitive fin probably 

was a single continous median fold of the skin along the entire length of the body, 

which may or may not have been strengthened internally by bony elements, called fin 

rays. According to the famous “lateral fin fold”-theory [21], which was proposed in the 

second half of the nineteenth century, and is now more or less accepted, the following 

series of events then unfolded. First, more advanced fishes appear (Agnatha: jawless 

fishes) where the single median fin is replaced by two continuous lateral fins along 

the body. Until very recently, this double fin construction was believed to have arisen 

in the Ordovician (463 to 439 years ago), but Shu has found fossils of a very primitive 

vertebrate from the Early Cambrian (530 million years ago) where the double fin 

arrangement already seems to be present [22]. His interpretation is still controversial, 

though. Later on, the two continuous lateral fins gave rise to two sets of paired 

appendages (one pectoral and one pelvic set of fins) in the jawed fishes 

(Gnathostomata) sometime during the Silurian (438 to 409 million years ago). 

Whether both sets appeared simultaneously or not, and which of the two eventually 

appeared first is still a matter of debate. Finally, one group of the jawed fishes, the 

lobe-finned fishes (Sarcopterygii), developed fins whose structure bears a striking 

resemblance to the structure of the limbs of tetrapods. Because of this, and of other 

similarities, all tetrapods (defined as animals or descendants of animals with limbs 
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with digits) are considered to be descendants of a forebear belonging to this group of 

fishes. Figure 3 shows the relation between the tetrapods and the other vertebrates [23, 

24]. 

What are the shared characteristics of their fins and tetrapod limbs? First of all, lobe-

fins are the only fishes with fins that are connected to the pectoral and pelvic girdles 

by means of a single bone. This stylopod (the equivalent of our humerus and femur) is 

the oldest part of the sarcopterygian fin, possibly of Late Silurian origins. The other 

group of jawed fishes (the ray-finned fishes or Actinopterygii) have fins that are 

connected to the pectoral and pelvic girdles by several, parallel bones. Secondly, their 

fins, like tetrapod limbs, consist of three compartments. The stylopod (upper-arm or -

leg) has already been mentioned. The zeugopod (lower-arm or -leg) is first seen in 

Devonian Sarcopterygii (409 to 360 million years ago). It consists of several bones, 

but in some fishes like Eusthenopteron, Panderichthys, and Elpistostege (three lobe-

finned fishes from the Upper Devonian, 378 to 367 million years ago, which are most 

closely related to terrestrial tetrapods) this number is limited to two (reflecting the 

tibia and fibula in tetrapods). Thus, something like a primitive knee joint already 

existed in a number of fishes long before animals walked on land, although it was 

obviously less mobile and not suited for weight-bearing. Finally, the autopod (hand or 

foot) is the most recent compartment. The structure of the autopod displays the largest 

amount of variation among different groups of lobefins and probably came into being 

several times in separate lineages, but it is now widely accepted that it also appeared 

already before tetrapods invaded the land. Its appearance can be dated with some 

confidence to the Late Devonian. 

How the final transformation from these fins to tetrapod limbs came about is not yet 

clear from the fossil record and it is thus a matter of speculation. The question has 

long been coupled with the transformation of an aquatic life to a terrestrial one, 

though it is now believed that both are not necessarily contemporary evolutions.  

From what is now known from fossils (though this period in evolutionary history is 

scarcely documented), it seems that limbs were wholly developed before vertebrates 

conquered the land. It is also believed that this transition from water to land was only 

made once and that all tetrapods are descendants from a single ancestor. 

Simultaneously with the evolution of appendages there was also a shift in their 

function. The fins of most fishes serve as stabilisers rather than propulsive tools. 

Propulsive forces in fishes are indeed generated by undulating contractions of the 
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axial musculature and not by appendicular muscles [25]. The predecessor of tetrapods, 

however, probably flourished in shallow, muddy pools, an ecological niche not yet 

explored at that time. There it used its paws to dig or plod along weeds and to pounce 

on prey. The required muscle and bone strength for this kind of behaviour is 

obviously larger than in stabilising fins. Limbs that were adapted to this function 

clearly also were advantageous to make the transition to land, where weight bearing 

makes the demands even higher.  

 

Vertebrates

Jawless vertebrates
Agnathans

Jawed vertebrates
Gnathostomes

Cartilaginous fishes
Chondrichthyans

Bony vertebrates
Osteichthyans

Ray-finned fishes
Actinopterygians

Lobe-finned vertebrates
Sarcopterygians

Coelacanths Lungfishes TetrapodsMost fishes
today

Sharks, rays,
 chimaeras

Lampreys, hagfish

all share jaws, teeth,
2 pairs of paired fins

all share true endochondral bone

 

Figure 3: Tetrapod and their place in the family tree (from Clack, p. 15 [24]). 

 

3.2. The first land vertebrates [24]. 

3.2.1 Evolutionary background. 

Once this limb structure was in place, it was probably only a matter of time before the 

first vertebrates made the transition from an aquatic to a terrestrial habitat. Judging 

from their fin structure, probably the Actinopterygians could have made it to the land 

just as well. It happened to be a Sarcopterygian, though, who crawled ashore 365 

million years ago and hence the limb structure of all currently living and extinct 

tetrapods still reflects the fin structure of this illustrious forebear.  

The exact environmental conditions and motives that drove this far-reaching event are 

not quite understood. It probably was the result of a combination of several factors:  

1. sufficient shelter and humidity had developed by that time under the plant canopy. 
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2. sufficient terrestrial invertebrates had developed by that time to supply the early 

tetrapods with food. 

3. arid conditions possibly causing pools where ancestors of tetrapods lived to dry up 

occasionally. 

4. population and predatory pressure. 

5. environmental stresses in the intertidal zone where tetrapods ancestors lived may 

have led to evolutionary pressure. 

Once the transition to land was made, limb structure further evolved and became 

better adapted to the demands of weight bearing and locomotion. 

There is a debate over which method of locomotion would have been used by early 

tetrapods moving out of the water. If an animal has to lift its body off the ground, it 

needs to keep three legs on the ground at any one time in order not to fall over. To 

move one leg at a time requires considerably complex control by the brain, and so 

may not have been achieved immediately. Therefore, early tetrapods probably were 

belly crawlers on land, at first using limbs only for pushing or pulling ahead and for 

steering and braking, much as his aquatic predecessor used its fins. Limbs used as 

weight-bearing structures probably evolved only later. This development would have 

changed the emphasis in muscle power even more from axial or body wall muscles to 

appendicular or limb muscles. 

 

3.2.2 Animals of the Late Devonian. 

The first vertebrates that made the transition from water to land were rather strange 

creatures. No fishes anymore, but not yet real tetrapods either. They probably only 

came on land when it was really necessary and only for short periods. Although 

fossilised tetrapod tracks of 367 million years ago have been identified [26], the 

earliest known fossilised creatures that can undoubtedly be identified as tetrapods date 

from 365 million years ago. They are called Acanthostega and Ichthyostega. These 

were two very different animals, not particularly closely related to each other and 

adapted in very different ways. They probably exploited contrasting environments. 

Neither of them was a predecessor of currently living tetrapods, but they are probably 

illustrative of what other primitive tetrapods (including our real forebears) looked 

like. The fact that two such dissimilar animals were already alive at that time shows 
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that by the end of the Devonian tetrapods were already diverse in their body forms 

and modes of life. 

Acanthostega [24 ,27, 28], which lived during the Upper Devonian (365 million years 

ago) is the most primitive example (Figure 4). Its limbs can be clearly seen to be 

adaptations of the fins of predecessors, the lobe-finned fishes (Sarcopterygii). Almost 

all of its features suggest that it probably was totally aquatic (e.g. dentition adapted 

for feeding underwater). The structure of both the forelimb and the hindlimb leads to 

the conclusion that it was adapted as a paddle rather than a walking leg. Acanthostega 

was thus an aquatic animal that rarely, if ever, made excursions onto dry land and 

whose legs would have almost certainly been incapable of supporting its body. The 

existence of a primitive tetrapod like Acanthostega certainly suggests that limbs 

evolved while tetrapods were still aquatic for most of the time and so their major 

function was an aquatic one. 

A creature like Ichthyostega [24] (Upper Devonian, Figure 4) was probably slightly 

less primitive. Analysis of its skeleton, although less well known than that of 

Acanthostega, shows that it was probably semi-aquatic and certainly not yet solidly 

terrestrial. The feet were oriented laterally, suitable for paddles but certainly not 

optimally designed for terrestrial locomotion. The femur was relatively slender with a 

large rectangular adductor blade placed midway along its length. The tibia and fibula 

were flattened and overlapped each other slightly in a manner suitable for twisting in 

a swimming stroke but not for bending at the 'knee'. Its rib-cage construction would 

not have allowed movement in a sinusoidal way (like modern lizards and 

salamanders). Locomotion on land would rather have been somewhat like a seal. The 

fact that Ichthyostega had larger forelimbs than hindlimbs (in contrast to the 

proportions in most terrestrial tetrapods) suggests that they dragged the body, the 

hindlegs and the tail along. 

Finally, an animal like Tulerpeton [24] (Upper Devonian), with a tibia and fibula that 

were relatively more elongate and slender than those of Acanthostega and 

Ichthyostega, seems to be more terrestrially adapted. But still, the feet look more like 

a paddle-like appendage rather than one used for walking. In short: all tetrapods from 

this era were probably fairly slowly moving animals, but capable of bursts of energy 

when catching moving prey. They all probably fed in water. 

The general structure of the limb, however, (e.g. the division in three segments) 

already roughly shows the features of current limbs.  
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The number of digits was not yet determined at that stage. Many Ichthyostegalia had 

seven digits, some had five, and some had more than seven. The fact that all later 

vertebrates had five digits (in some cases reduced afterwards, as in the horse and other 

ungulates) must have been merely a matter of chance since five is by no means more 

optimal than any other number. 

 

 

Figure 4: Reproductions of Acanthostega and Ichthyostega skeletons. 

 

3.3. Further evolution of tetrapod limbs. 

The transition from fishes to the first quadrupeds is not well documented, and the 

same holds for the further development after Acanthostega and Ichthyostega. There is 

a gap of about 30 million years between these two fossils and the fossils of other early 

tetrapods (Romer’s gap, between 360 and 330 million years ago, in the Early 

Carboniferous) [29]. Very recently, however, Clack has described an early amphibian 

(Pederpes finneyae, family of Watcheeriidae) from 350 million-year-old deposits in 

Scotland [30]. Although this animal still lived parly in the water, its foot structure has 

advanced toward effective locomotion on land (anteriorly directed instead of laterally) 

and it has five toes (with a relict of a tiny extra finger on the forelimb). After 

Pederpes, the first possible antecedent of amniotes (the lineage leading to current 

reptiles, birds and mammals) that has been discovered, Casineria Kiddi is 15 million 
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years older. Although this is certainly a fully terrestrial creature, its hind limb 

structure is unclear [31].  

Even less is known about the presence or lack of soft tissue structures such as 

collateral and cruciate ligaments or menisci. There have been attempts however to 

reconstruct how the knee joint must have looked like in an amphibian called Eryops 

(between 290 and 245 million years ago, Figure 5, [32]). Based on this reconstruction 

it seems likely that they were all present by that time. Although the fossil evidence for 

this reconstruction is rather weak and Eryops is currently no longer considered as a 

common ancestor of the amniotes, it is supported by the fact that most living tetrapods 

share these characteristics of the knee. Eryops still had the typical amphibian 

sprawling posture, though. The upper arm and upper leg extended nearly straight out 

from its body while the forearm and the lower leg extended downward from the upper 

segment at a near right angle. Most of the animal’s strength was used to just elevate 

the body off the ground in order to walk. We are then already at the end of the 

Carboniferous period (from 360 to 290 million years ago) and tetrapods have 

diversified substantially by that time. This is the period when the first reptiles arise 

and, since these animals are less bound to the water, quadrupeds gradually scatter all 

over the world.  

 

 

Figure 5: Reconstruction of Eryops’ knee (from Clack [24]). 
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Thus, the main elements of the skeleton and the limbs were established, both in terms 

of structure and materials. As already mentioned, though, bone development in these 

animals proceeded presumably as in extant turtles and crocodiles, without secondary 

ossification centres, leading to joint surfaces that are evenly curved and without much 

complexity [33]. No sesamoïd bones (like the kneecap) were present at that time, 

either. Nevertheless, the bicondylar shape of the modern femur is already clearly 

visible in Ichthyostega and Eryops.  

Towards the end of the Permian period (from 290 to 245 million year ago), for 

example, we observe the development of mammal-like reptiles. Their limbs are no 

longer outstretched laterally but move ventrally below the body, thus enabling 

parasagittal motion (i.e. parallel to the long axis of the body) of the limb. This has 

several important advantages. First, locomotion and respiration are uncoupled since 

the reptilian sprawling gait changes to a gait pattern which does not necessarily 

involve deformation of the chest and this enables faster locomotion. Secondly, this 

position of the limbs is better suited to carry a heavy body and keep it from the 

ground, since the bones themselves can support the bodyweight with little force 

generated by the muscles. The first fossil showing this limb and locomotion pattern is 

of a 290 million-year-old bipedal reptile (Eudibamus cursoris), which is not related to 

living amniotes, indicating that this posture evolved independently in several lineages 

and at different times in vertebrate history [34]. This type of limb necessarily involves 

the development of a different kind of knee joint. In amphibian knees (like Eryops), 

the tibia articulated with the ventral side of the mostly horizontal femur and the fibula 

with the postero-lateral surface of the lateral condyle of the femur. By contrast, both 

tibia and fibula in Eudibamus fit onto the end of the femur, forming a hinge-like joint 

that puts all of the leg in one plane. Still later, the head of the fibula shifted to a point 

distal to the joint line and the articulating surface of the fibula with the femur 

disappeared. This is the case in almost all mammals (except some marsupials and the 

monotremes). 

Finally, one last innovation to the structure of the knee joint must be mentioned: the 

development of the kneecap (patella). The first published fossil evidence of the 

occurrence of secondary ossification centres and thus bony epiphyses dates from the 

Jurassic (Sapheosaurus, � 180 million years ago). From that time on, joint surfaces 

acquire a more complex, “knobby” appearance and sesamoïd bones, like the kneecap 
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(patella), appear [33]. The presence of a real osseous patella is considered as a derived 

feature of birds, some reptiles, and placental mammals, which developed somewhat 

later, around 125 million years ago. Indeed, the earliest known placental mammal 

Eomaia, of which an excellently preserved fossil was discovered by Ji et al. in 2002 

[35], features a patella on both hindlimbs while non-placental mammals, like 

Jeholodens (considered as the last common ancestor of modern mammals) or 

Zhangheotherium have no patella [36, 37]. 

 

4. Conclusion. 

We have described the origin and evolution, be it sketchy, of the limbs, and more 

specifically the knees, of current tetrapods. This evolution started with the fins of 

fishes and proceeded with the paddle-like appendages of the first animals adapted for 

a semi-aquatic habitat, the weight-bearing, but clumsy limbs of amphibians, to arrive 

finally at the limbs and knees of modern mammals, suitable both for weight bearing 

and fast locomotion. 

What is currently known about the evolution of vertebrate limbs shows that it is a 

prominent example of a phenomenon called “pre-adaptation”. This means that limbs 

first evolved and were used in an environment that was totally unlike the 

circumstances for which they proved to be of even greater benefit. This means that in 

this case function followed form rather than reverse. Of course, this is not the entire 

story. Within the limits of the basic building plan laid down 365 million years ago, the 

detailed architecture of the limbs further adapted to their mechanical usage: form 

followed function. 

Nevertheless, it should have become clear that the basic architecture of knees and 

limbs is old and common to all living mammals. Although there are obvious 

differences in the detailed anatomy, the main elements of a knee for example can be 

found back in almost all tetrapods. Thus, although there exists no ideal animal model 

to study the behaviour of the human knee, the biomechanics of animal knees is 

sufficiently similar to justify the use of a well-chosen animal model in a study like 

this. In the following section of this chapter, we will describe the anatomy of the two 

modern knee joints that are relevant in the framework of this thesis: the human knee 

and the sheep stifle. 
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SUPPLEMENT 2  

A CONCISE HISTORY OF ORTHOPAEDICS. 

1. Orthopaedics in the 18th and 19th century [1, 2, 3]. 

Humanity has fantasised about replacement of missing or injured body parts and has 

pursued the ability to do so for a long time. So much so, that the theme even turns up 

in ancient mythology. For instance in the story of king Tantalus, who offered a dinner 

to the gods and served the body of his son Pelops as meal. The gods of course 

exposed his crime and revived the boy. Only Demeter had already eaten his shoulder, 

which was replaced by an ivory substitute. It must have been well done, since Pelops 

afterwards drove the chariot of Poseidon. 

Egyptian mummies in which a primitive type of arthroplasty, involving the distal 

femur and the proximal tibia, was performed are perhaps the earliest indication of the 

real performance of a knee arthroplasty. The first written tradition of an operative 

intervention in the field of what would now be called orthopaedics, is about the 

resection of an elbow in the 16
th

 century by Ambroise Paré (1510-1590), the famous 

Parisian physician. 

The real start of orthopaedics as a field of medicine can probably be situated in 1742. 

In that year, Nicolas Andry, a French physician, used the term in the title of a book. It 

was a guide for parents about how to prevent and correct skeletal malformations in 

their children and as such a typical product of the way of thinking in the 

Enlightenment. Andry primarily used techniques to guide and correct the normal 

growth process rather than surgical intervention. As an illustration of his philosophy, 

he introduced the tree that would later become the symbol of the orthopaedic field. 

The further development of the orthopaedic field was situated primarily in so-called 

cripple asylums where children were treated according to Andry’s methods for 

infections of bones and joints, scoliosis and hereditary skeletal diseases (e.g. hip 

luxations and dysplasia, clubfeet, …). Although Filkin published his results with knee 

joint resection already in 1762, it was primarily in these institutions that the first 

surgical orthopaedic interventions were introduced and perfected. An example of a 

very successful soft tissue surgery is tenotomy of the Achilles tendon for correction of 

clubfeet, which was developed by Thilenius (1782), Delpech (1816) and Dieffenbach 

(1836). Later on, also surgery of the hard tissues was attempted. Two main procedures 
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were developed: first resections and later osteotomies. White (1821) was the first to 

resect the head of a hip, Barton (1826) surgically corrected a bony hip ankylosis and a 

stiffened knee and Heine (1830) developed the osteotome, which was then used by 

Mayer for correction of genu valgum and varum (1836). 

As a consequence of these new surgical techniques, the treatment of a number of 

disorders was shortened significantly (the length of stay in the asylums almost halved) 

and became much cheaper. This was a strong stimulus for the development of 

orthopaedics as an independent medical field. 

Of course, the real exploration of all possibilities of invasive interventions had to 

await three innovations in medicine: the advent of anaesthesia with ether (1846), the 

understanding and application of aseptic techniques (1867) and, somewhat later, the 

discovery of roentgen rays (1895). From that time onwards, orthopaedic journals are 

full of descriptions of new surgical techniques. Hoffa for example developed a 

technique for the correction of congenital hip luxations and was also one of the 

founders of the “Zeitschrift für orthopädische Chirurgie” (1892). Verneuil is generally 

credited as the first to describe an excision arthroplasty of the knee supplemented by 

the interposition of soft tissues (a flap of fascia lata with subcutaneous fat) to prevent 

bony ankylosis (1860).  

These developments also opened possibilities for and sometimes even required the use 

of synthetic materials. In 1885, T. Gluck (1853-1942) was the first to propose the 

transplantation of joints with cadaveric joints or their replacement with synthetic 

substitutes. A knee joint transplantation was only executed for the first time in 1908 

by Lexer (without much success, though), but Gluck himself reported about his first 

implantations already in 1891 (including three knee replacements of which two 

apparently had acceptable results). The knee replacement was made of ivory and 

consisted of hinged components (Figure 1). He fixed his implants with the help of a 

kind of bone cement of his own making (“Colophonium mit Bimmsstein oder Gyps”, 

a combination of resin and pumice or plaster-of-Paris).  

In 1893, Péan replaced a tubercular shoulder joint with an endoprosthesis made of 

rubber and platinum. The short-term result was good, but afterwards the tuberculosis 

progressed and led to the failure of the implant. Gluck experienced these difficulties 

too and, as a result, joint replacement using synthetic materials was all but given up 

after Gluck’s and Péan’s tentative attempts. Orthopaedic surgeons thus limited 

themselves to interposition arthroplasties using organic materials (joint capsule, skin, 
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muscle, fascia, fat, …). Infections remained the main obstacles for this kind of 

procedures for the next fifty years. 

 

Figure 1: The hinged knee prosthesis of Gluck [4]. 

 

2. The first knee implants [5]. 

Both world wars led to a shift in focus from children to wounded soldiers and made 

traumatology a more important branch. Both trends were continued after the Second 

World War. As we approach the present in our short historical overview, older 

patients with degenerative diseases become more and more important and young 

patients ever less, due to great improvements in living conditions. In fact, the term 

“orthogeriatrics” would nowadays probably be more accurate than orthopaedics. This 

evolution led to a rising need for endoprostheses. Also traumatology continued to 

expand due to increasing individual mobility. The intimate connection between 

traumatology and orthopaedics and the growing acceptance of osteosynthesis 

facilitated the introduction of industrially produced implants and the spread of 

standardised treatment methods.  

After both world wars better antiseptic and aseptic procedures were developed and 

introduced. One important novelty was the laminar airflow operating theatre, 

described by Sir John Charnley in 1964. This enabled orthopaedic surgeons finally to 

replace joints with lower risks of infection. 

Since stiffness of the hip joint is more disabling than stiffness of the knee and since 

the hip is intrinsically more stable, hip replacements were first to be developed and 

used on a large scale. The materials and techniques used in hip arthroplasty were then 
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later taken over in knee arthroplasty. Two discoveries are worth mentioning here. The 

first is the fixation of the prosthesis components to bone with the help of bone cement 

(polymethylmethacrylate, PMMA), introduced in 1953 by E.J. Haboush for double 

cup arthroplasties [6]. Between the metallic cups and the bone, he inserted dough of 

methylmethacrylate monomer and polymethylmethacrylate powder. This mixture 

penetrated into the trabecular pores and then polymerised, forming a hard, 

polymethylmethacrylate layer between bone and the prosthesis. Thus the prosthesis is 

rigidly fixed to bone by mechanical interference. 

The second is low friction arthroplasty, published by Charnley in 1970 [7]. By using 

ultrahigh molecular weight polyethylene (UHMWPE) and polished metal parts 

(stainless steel or Co-Cr-alloys) as articulating materials, he was able to minimise 

wear and friction (coefficient of friction between 0.01 and 0.05) and thus enhance the 

endurance of the prosthesis. The great clinical success of the Charnley hip prosthesis, 

which is even now considered as the gold standard of hip replacements, really paved 

the way for joint arthroplasty and also led to a real plethora of knee replacement 

prostheses [8]. 

Two schools of thought concerning knee implants existed shortly after the Second 

World War. There were those who further developed the existing interposition 

arthroplasties into hemicompartmental designs with metal spacer blocks to replace the 

tibial joint surface (Virgin, Carroll, Townley). These implants were the forerunners of 

later resurfacing prostheses. The second school of thought concentrated on knee 

prostheses with linked components (Walldius, Shiers, Young). In these devices, bolts, 

screws or other means, mechanically connect the tibial and femoral components.  

Since knee arthroplasty was in the beginning only used when the knee was already 

seriously degraded (and unstable), leaving no other treatment options (apart from 

arthrodesis, perhaps), the oldest implants are the linked implants. With the increase in 

clinical experience and knowledge over the years, one finds that both approaches 

come closer to each other: the linked implants release more degrees of freedom, the 

resurfacing prostheses become more constrained. Eventually, a compromise was 

reached in the form of a semi-constrained resurfacing prosthesis that fits the majority 

of knee patients. 

The simplest linked implants behave like a two-dimensional hinge, allowing only 

flexion-extension. The designers knew of course that the knee also rotated axially, but 

they felt that the severely disabled patients would have limited functional demands. 
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There was no patellar resurfacing and the two components were usually metallic 

(stainless steel or Co-Cr alloy) and fixed to the bone most of the time by interference 

fit of an intramedullary stem rather than with bone cement. One of the first fixed 

hinge prostheses was the Shiers design (an uncemented stainless steel hinge, 1953). 

After that came Walldius (1957), and, with numerous others, the GUEPAR group 

(1972, Figure 2) 

 

Figure 2: The GUEPAR fixed hinge prosthesis. 

Quickly, adaptations of the fixed hinge design were developed, allowing some 

rotational movement. These are the rotating hinge implants. The fixed hinge was 

replaced by a captured ball, which allowed rotation, usually when the knee was flexed 

and not under axial load. Unfortunately, most of these prostheses needed a lot of bone 

resection. A typical example of this kind of implants is the Herbert prosthesis (1973). 

A ball was mounted on a short stem on top of the tibial component and it fitted in a 

cilindrical socket fixed to the femoral component. The inside of the socket was made 

of polyethylene. This knee suffered from wear of the tibial component and fracture of 

the femoral housing. Other designs were the Spherocentric (1973, Figure 3) and the 

Attenborough (1978) knee. The last one did not require a large amount of bone 

resection.  

In the end, the hinge concept was given up altogether in favour of the resurfacing type 

of implants (where the connection between the tibial and femoral component is 

limited to a free contact) at least for those patients whose condition of the soft tissues 

was sufficient to provide some stability. In the Swedish knee arthroplasty registry one 

sees a steady decline in the number of linked and hinged implants since 1975. These 
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implants are virtually abandoned since the beginning of the eighties for OA and the 

mid-1980s for RA [9], except for revision operations (7.4% of revisions was with a 

hinged or linked prosthesis between 88-97 according to [9]). 

 

Figure 3: The Spherocentric rotating hinge prosthesis. 

The first non-linked knee prosthesis that achieved wide clinical use was the 

Polycentric Total knee, first implanted by Gunston in 1968 [10]. It consisted of four 

parts: two semicircular stainless steel runners, cemented into slots in the articular 

surfaces of the femoral condyles, articulated with two tracks of high density 

polyethylene, cemented into slots in the tibial plateaus (Figure 4). A number of other, 

similar, devices were designed in the following years (like the Liverpool Total knee 

(1972), the Manchester Total knee, and the Modular knee). Typical was that they all 

relied on the retention of all the ligaments (both cruciates and the collaterals) for 

stability. The prosthesis offered no stability of itself and was, as it is called, non-

constrained. These early resurfacing prostheses were only suitable for patients with 

minimal deformity and good bone stock and their use has been given up now in 

favour of more constrained devices. 

Gunston’s prosthesis apparently lowered the barrier for knee arthroplasty 

significantly. It is nearly impossible to describe all implant designs that were 

introduced afterwards. In [5], Laskin described no less than 19 different resurfacing 

prostheses that were in use during the seventies and the beginning of the eighties, 

Mittelmeier and Walter [11] stated that more than 400 knee designs existed in 1981, 
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and Blauth et al. [12] report that in 1977 more than 60 prosthesis types are in use, in 

Germany alone. 

 

Figure 4: The Polycentric Total knee by Gunston. 
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