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changes and effectiveness of different treatments [12-15]. These studies, however, are usually focused on 

humans and animal species that are of interest as models for orthopedic research in a translational sense [15, 

16]. In nature, the spectrum of sizes and body weights in mammals is much wider than in the few species 

used as animal models for musculo-skeletal diseases [7, 17]. We have previously shown in a study over a 

wide range of species that articular width in the stifle (knee) joint scales isometrically (a=0.33) with body 

mass [7]. If we assume that joint form is not essentially influenced by size, joint surface will do the same 

[18]. If then the microscopic configuration of the osteochondral unit would remain the same, the stress in the 

unit would increase linearly with weight given the Square-Cube law. Both articular cartilage and bone 

increase in size with body mass, and isolated studies on these two tissues have shown that they do not scale 

isometrically, but have a negative allometric relationship with increasing body mass [7-9] and therefore do 

not fully compensate for increasing body mass. In theory, an increase in loading can also be compensated for 

by changes in composition of the constituting elements of the osteochondral unit (that would possibly 

influence strength of the structure). However, previous studies comparing articular cartilage biochemical 

composition across a variety of mammalian species covering a range of body masses revealed that gross 

biochemical composition was constant (6, 12).  The composition and structure of articular cartilage, 

however, does change with depth, so that three layers (superficial, middle and deep) can be identified, based 

on compositional characteristics like proteoglycans and collagen content, and structural characteristics like 

collagen orientation. In this last case, fibrils are oriented parallel to the articular surface in the superficial 

zones, and transition through a random orientation to the deep zone in which they are oriented perpendicular 

to the subchondral bone [19]. 

 

The current study aims to comprehensively investigate the microstructural and compositional features of the 

osteochondral unit (across a wide range of terrestrial mammals) and their relationship to each other and to 

body mass (BM).  This will reveal where the adaptations to increasing loads (and BM) [20] reside and will 

determine which microscopic features follow isometric scaling and which do not. 

It was hypothesized that in articular cartilage all layers would scale with negative allometry, as found earlier 

for total thickness (2), and that increased load would be accommodated by either structural adaptations in the 
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family and to the Elephantidae family), however statistical analysis revealed no significant differences (Fig. 

7). 

 
4. Discussion 

A comprehensive analysis of how the osteochondral unit changes with body mass was performed using a 

combination of different techniques for measuring the microstructural features. Overall articular cartilage 

thickness scaled in a negative allometric fashion, confirming earlier findings [7].  

The current study showed that, contrary to our first hypothesis, this is attributable to the scaling behavior of 

the deep layer, where both superficial and intermediate layers became relatively thinner. The explanation 

may be that the deep zone is richest in PGs and hence thought to be primary responsible of transmission of 

load to the underlying bone [37-39]. It is also in line with the role that is attributed to the superficial layer[40, 

41], which is thought to have a major role in the homogeneous distribution of the impact forces and loads 

away from directly-loaded regions [42, 43], more than in load attenuation and with the fact that in physics, as 

one scales down, forces like viscous drag become more important than weight [1, 44]. 

The biochemical composition of articular cartilage was remarkably consistent across species in both absolute 

and relative terms. This suggests that evolutionary pressure has led to the best possible combination of PG 

and collagen to effectuate the duty of shock-absorption and transfer of forces to the subchondral and 

trabecular bone in terrestrial locomotion. The normalization of content to the superficial layer confirmed 

layer dependency, as was expected from previous studies on selected species [45].  However, as remarkable 

as it seems that there are no substantial variations in the major structural components of cartilage from 

mouse to elephant, there may be some in characteristics of those components that were not specifically 

measured, such as the post-translational modifications of collagen of which cross-links are the most likely 

candidates. 

Benninghoff first described the arching structure formed by the collagen fibers of articular cartilage that run 

from their anchoring site in the calcified zone first through the deep zone, directed perpendicularly to the 

subchondral plate, to then describe an arch at the beginning of the transitional zone, with the keystone of the 

arch in or near the superficial zone where the fiber runs tangential to the cartilage surface before starting its 
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return journey back to the subchondral bone, forming the second pillar of the arch [46]. If we assume the 

arching parts to be semi-circular, the thickness of the middle zone is theoretically given by the radius of the 

arches. The constant thickness of the superficial and middle layers and the increasing thickness of the deep 

layer with increasing total cartilage thickness suggest that the radius of the arches remains constant with their 

pillars becoming longer. That would mean that the adaptation of the collagen architecture to scaling would 

consist of the arches becoming more slender with increasing cartilage thickness; and not proportionally 

increase in size. In this case, the relative number of arches per unit of (subchondral bone plate) surface would 

remain constant and, given the constant ratio of total collagen to total mass of cartilage, the ratio of collagen 

fibril thickness to total cartilage thickness would not increase isometrically with the pillars of the arches 

becoming relatively thinner. However, verification of this theory would require large numbers of samples 

from differently sized animals from the same species, as there are relatively large differences in 

configuration of the collagen arches over the species[15].  

 

The response of the subchondral unit to increasing body mass is more complex. Although it was 

hypothesized that the subchondral bone plate thickness would scale with body mass as well, this was not the 

case. Unexpectedly, the subchondral bone volume fraction (and subsequently porosity) did show a negative 

correlation with BM. This is of interest, because it suggests that the porosity of the interface between 

cartilage and bone increases in larger animals. The reason may be that a less dense structure may be better 

able to effectively distribute and transmit forces homogeneously to the underlying trabecular bone. It might 

possibly decrease brittleness, which could be a relevant issue in larger species [47]. 

The trabecular bone itself features thicker trabeculae and is denser with increasing body mass to 

accommodate the higher forces. This could permit accommodation of higher forces and is thus an adaptation 

to increased body mass. The relatively thicker trabeculae are able to withstand higher loads, facilitated by the 

even distribution through the subchondral plate. A relatively less dense structure may also allow better 

nutrition efficiency towards the cartilage by facilitating diffusion from the subchondral bone. However, this 

should be confirmed by an analysis of micro- and nano- porosity, which would require imaging with a higher 

resolution than possible with light microscopy. There is in fact evidence in literature that, in an experimental 

setting, there is exchange of nutrients at the interface of bone and cartilage, although of minimal order 
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FIG. 5. Relative collagen and proteoglycan contents in cartilage, measured over total thickness (Fig. 5A-5B respectively), 
and layer per layer (Fig. 5C-5D). Overall collagen and proteoglycan contents showed no dependency to body mass (Fig. 5A 
collagen, 5B proteoglycans), with a small variation in cartilage composition across all species. Layer per layer analysis 
(superficial, middle and deep, respectively in green, blue and yellow) showed this was also true for both collagen and 
proteoglycans within each specific layer across species (Fig. 5C, 5D). Normalizing the content of collagen and PG to 
superficial layer content, deep layer content was highest, and superficial layer was lowest for both collagen and PG (Fig. 5E, 
5F). 
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