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                    Abstract
Cartilaginous tissues such as the intervertebral disk are predominantly loaded under compression. Yet, they contain abundant collagen fibers, which are generally assumed to contribute to tensile loading only. Fiber tension is thought to originate from swelling of the proteoglycan-rich nucleus. However, in aged or degenerate disk, proteoglycans are depleted, whereas collagen content changes little. The question then rises to which extend the collagen may contribute to the compressive stiffness of the tissue. We hypothesized that this contribution is significant at high strain magnitudes and that the effect depends on fiber orientation. In addition, we aimed to determine the compression of the matrix. Bovine inner and outer annulus fibrosus specimens were subjected to incremental confined compression tests up to 60 % strain in radial and circumferential direction. The compressive aggregate modulus was determined per 10 % strain increment. The biochemical composition of the compressed specimens and uncompressed adjacent tissue was determined to compute solid matrix compression. The stiffness of all specimens increased nonlinearly with strain. The collagen-rich outer annulus was significantly stiffer than the inner annulus above 20 % compressive strain. Orientation influenced the modulus in the collagen-rich outer annulus. Finally, it was shown that the solid matrix was significantly compressed above 30 % strain. Therefore, we concluded that collagen fibers significantly contribute to the compressive stiffness of the intervertebral disk at high strains. This is valuable for understanding the compressive behavior of collagen-reinforced tissues in general, and may be particularly relevant for aging or degenerate disks, which become more fibrous and less hydrated.
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Appendix: Contribution of osmotic pressure
Appendix: Contribution of osmotic pressure
The osmotic pressure can be estimated. Assuming that all GAGs are chondroitin sulfates, the initial fixed charge density (FCD) per ml water can be determined from the GAG concentration (Eq. 5) (Shapiro et al. 2002).
$$\begin{aligned} c_{F,0} =\frac{z_\mathrm{cs} \mathrm{GAG}}{\mathrm{MW}_\mathrm{cs} (\mathrm{WW}-\mathrm{DW})}, \end{aligned}$$

                    (5)
                

where \(c_{F,0}\) is the initial FCD per ml water in the tissue, \(z_\mathrm{cs}\) the valence of chondroitin sulfate (which is 2), \(\text{ MW}_\mathrm{cs}\) the molecular weight of chondroitin sulfate (502.5 g/mol), GAG the weight of GAGs in the tissue, and (WW \(-\) DW) the initial amount of water. The latter three were all determined with biochemical analysis. The current FCD \(c_F\) is dependent on the deformation of the tissue and can be determined with (Wilson et al. 2005a):
$$\begin{aligned} c_F =c_{F,0} \frac{\phi _\mathrm{f,0} }{\phi _\mathrm{f,0} -1+J}, \end{aligned}$$

                    (6)
                

where \(\phi _\mathrm{f,0}\) is the initial water volume fraction and \(J\) the volumetric deformation. If it is assumed that the solid fraction is incompressible, \(J\) is the ratio between the current and initial volume of the entire tissue (Eq. 4). Else, \(J\) should be interpreted as the fractional change in solid volume fraction:
$$\begin{aligned} J=\frac{\phi _\mathrm{s,0} }{\phi _\mathrm{s} }=\frac{1-\phi _\mathrm{f,0} }{1-\phi _\mathrm{f} }, \end{aligned}$$

                    (7)
                

where \(\phi _\mathrm{s,0}\) and \(\phi _\mathrm{s}\) are the initial and current solid volume fraction, respectively, and \(\phi _\mathrm{f,0}\) and \(\phi _\mathrm{f}\) are the initial and current water volume fraction, respectively.
Using the current FCD, the osmotic pressure \(\Delta \pi \) can be estimated (Wilson et al. 2005a):
$$\begin{aligned} \Delta \pi =\phi _\mathrm{int} RT\left( {\sqrt{c_F^2 +4\frac{\left(\gamma _\mathrm{ext}^\pm \right)^{2}}{\left(\gamma _\mathrm{int}^\pm \right)^{2}}c_\mathrm{ext}^2 }} \right)-2\phi _\mathrm{ext} RTc_\mathrm{ext} , \end{aligned}$$

                    (8)
                

where \(\phi _\mathrm{int}\) and \(\phi _\mathrm{ext}\) are the internal and external osmotic coefficient, respectively, \(R\) the gas constant, \(T\) the absolute temperature, \(\gamma _\mathrm{int}\) and \(\gamma _\mathrm{ext}\) the internal and external activity coefficient, respectively, and \(c_\mathrm{ext}\) the external salt concentration. The osmotic and activity coefficients were implemented as proposed by Huyghe et al. (2003). The osmotic pressure was determined at 0, 30, and 60 % strain, using Eq. 7, where \(\phi _\mathrm{f,0}\) was taken as the water volume fraction of the adjacent tissue \(\phi _\mathrm{f,a}\), and \(\phi _\mathrm{f}\) as the water volume fraction of the specimen itself \(\phi _\mathrm{f,sp}\) after compression to 0, 30, or 60 % strain. The osmotic pressure was divided by the measured equilibrium stress to get a ratio. This ratio gave the relative influence of the osmotic pressure. Mean and standard deviation were calculated. However, no further statistical analysis was performed, because the sample sizes were small (\(n = 2 - 4\)).
For all groups, expect in one case, the osmotic pressure was higher at 60 % strain than at 0 and 30 % strain. The estimated osmotic pressure at 30 % was higher than the osmotic pressure at 0 % strain for three groups. However, the ratio between osmotic pressure and measured equilibrium stress decreased with strain and was lowest at 60 % strain, indicating that the osmotic pressure has a lower influence at higher strain magnitude (Fig. 9). As expected, the ratio was larger than 1 at 0 % strain, since the measured equilibrium stress is a combination of osmotic pressure and tension in the fibers. At 0 %, the fibers are tensed by osmotic swelling. As a result, the measured stress is lower than the osmotic pressure. The absolute value as well as the ratio was lowest in outer annulus specimens with radial orientation, which had the highest equilibrium modulus.
Fig. 9[image: figure 9]
Ratio between the osmotic pressure \(\Delta \pi \) and measured equilibrium stress at 0, 30, and 60 % strain per group. Mean \(\pm \) standard deviation are shown
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