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Abstract

The intervertebral disc (IVD) allows flexibility to the 
vertebral column, and transfers the predominant axial 
loads during daily activities. Its axial biomechanical 
behaviour is poroelastic, due to the water-binding and 
releasing capacity of the nucleus pulposus. Degeneration 
of the intervertebral disc presumably affects both the 
instantaneous elastic response to the load on the IVD and 
the subsequent interstitial flow of fluid. This study aims 
to quantify the poroelastic behaviour of the IVD and its 
change with degeneration, as defined by the magnetic 
resonance imaging-based Pfirrmann Score (PS). For a 
period of ten days, 36 human lumbar IVDs were loaded 
with a simulated physiological axial loading regime, while 
deformation was monitored. The IVDs responded to the 
loads with instantaneous elastic and slow poroelastic axial 
deformation. Several mechanical parameters changed 
throughout the first five days of the experiment, until 
the IVDs settled into a dynamic equilibrium. In this 
equilibrium, degeneration was significantly related to 
a decrease in disc height loss during the daytime high 
load phase (ρ =  -0.49), and to a decrease in the rate of 
this deformation during the final half hour of each day 
(ρ = -0.53). These properties were related to the nucleus 
glycosaminoglycan/hydroxyproline (GAG/HYP) ratio, 
rather than GAG content alone, indicating that remodelling 
of the extracellular matrix reduces poroelastic properties 
of the IVD. This implies that the degenerated discs have a 
reduced capacity to bind water and/or a reduced resistance 
against fluid flow. The resulting loss in hydrostatic pressure 
may further change cell behaviour in the nucleus pulposus.
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Introduction

Low back pain (LBP) is one of the most frequent 
medical complaints in western society, with enormous 
socioeconomic impact (Katz, 2006). Lifetime prevalence of 
more than three months of LBP is 20 % (Hoy et al., 2012), 
and direct and indirect costs of LBP are estimated at 0.6 % 
of the gross national product in the Netherlands (Lambeek 
et al., 2011). Despite this, the scientific progress to improve 
prevention and cure has been limited so far (Balagué et 
al., 2012). Progress has been hampered, among others, by 
difficulties in pinpointing the aetiology of non-specific LBP 
(Andersson, 1999). In the past two decades, the relation 
between intervertebral disc (IVD) degeneration and LBP 
has been under debate (Adams et al., 2000; Balagué et al., 
2012; van Tulder et al., 1997), but recent epidemiological 
studies show that IVD degeneration indeed is a significant 
predictor (Cheung et al., 2009; Livshits et al., 2011; Wang 
et al., 2012).

Structure and function of the intervertebral disc
The IVD is a “cushion-like structure” (Chan et al., 2011). 
Its core is the nucleus pulposus, a gel-like matrix rich in 
proteoglycans, which is contained by the annulus fibrosus, 
consisting of alternating lamellae of collagen type-I fibres. 
The IVD’s function is essentially mechanical, and can 
be seen as an elastic hinge that provides flexibility and 
transfers loads in the vertebral column (Brinckmann and 
Grootenboer, 1991; Chan et al., 2011). The functional 
status of IVDs can therefore be described by considering 
their biomechanical properties. The predominant load 
on the IVD is axial compression (Smit et al., 1997). The 
response of the IVD to this load has been modelled as a 
system with poroelastic properties (O’Connell et al., 2011; 
van der Veen et al., 2013). The slow poroelastic behaviour 
is mediated by fluid flow, due to the binding and releasing 
of water by the proteoglycans in the nucleus. The bound 
water in the nucleus generates an intradiscal osmotic 
pressure, which separates the vertebrae and tensions the 
annulus fibres (Brinckmann and Grootenboer, 1991). Upon 
axial loading, there is an instantaneous elastic response, 
which is the result of the tensioning of annulus fibres 
(Johnson et al., 1982). At the same time, the axial pressure 
surpasses the intradiscal pressure and bound water is 
slowly lost from the IVD, resulting in a characteristic slow 
creep (Adams and Roughley, 2006). In healthy discs, the 
cells in the IVD produce the proteoglycans that generate 
its intradiscal osmotic pressure, and thereby maintain its 
biomechanical function.
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	 In degenerated intervertebral discs, a marked reduction 
in proteoglycan content as well as disorganisation of the 
annulus fibres has been observed (Adams and Roughley, 
2006). This affects the water-binding capacity, thereby 
reducing the hydrostatic pressure (Sato et al., 1999), 
and altering the response to compressive loads (Hwang 
et al., 2012; Vergroesen et al., 2014). The influence of 
proteoglycan content on IVD mechanics has been shown 
indirectly, as enzymatic digestion of proteoglycans, induced 
by injection of chondroitinase ABC (CABC), caused disc 
narrowing (Fry et al., 1991; Hoogendoorn et al., 2007; 
Lü et al., 1997), and changed flexion mechanics (Lü et 
al., 1997) and intradiscal pressure (Sasaki et al., 2001). 
Furthermore, it was shown that nucleus pulposus material 
properties were moderately related to proteoglycan content 
(Johannessen and Elliott, 2005). However, the direct 
relation between proteoglycan content and whole-disc 
mechanics has to our knowledge not yet been studied. 
This relation however may be the core of the degeneration 
process, because the loss of proteoglycans and the related 
reduced hydrostatic pressure increases the shear stresses 
in the nucleus (Hwang et al., 2012). The increase in shear 
stresses in turn influences cell activity, as hydrostatic 
pressure leads to different gene expression in the cells than 
when subjected to shear stresses, the latter further reducing 
proteoglycan content (Carter and Wong, 2003; Hsieh and 
Twomey, 2010; Paul et al., 2013). Therefore, mechanical 
function of the IVD and disc degeneration are presumably 
closely related (Vergroesen et al., 2015a).
	 A common definition of IVD degeneration is based 
on the appearance of the IVD on magnetic resonance 
imaging (MRI). Many epidemiological studies have used 
this definition to investigate the relation between IVD 
degeneration and low-back pain (Cheung et al., 2009; 
Livshits et al., 2011; Luoma et al., 2000; van Tulder et 
al., 1997; Wang et al., 2012). The most commonly used 
grading method for MRI images is the algorithm introduced 
by Pfirrmann et al. (2001). In short, the signal intensity 
on T2-weighted MRI images is used to estimate water 
content, and, together with morphological parameters, this 
is used to grade for IVD degeneration on a scale from 1-5. 
It is considered “the most clinically relevant” (Kettler and 
Wilke, 2006) lumbar IVD degeneration grading method, 
because of its non-invasive nature and high reliability. 
However, the relation to the functional status of the tissue 
has been under debate, because the method was introduced 
without investigating the relation to tissue properties 
(Urban and Winlove, 2007).
	 To date, the relationship between mechanical function 
and degeneration has not been elucidated. Antoniou et 
al., (2013) recently reviewed five studies that correlate 
biomechanical properties of small samples of nucleus or 
annulus in vitro to either age or IVD degeneration grading; 
however, these correlations were weak, possibly due 
to the separation of nucleus and annulus. Other studies 
used complete motion segments for biomechanical in 
vitro research, but the IVDs used were removed from 
their physiological conditions and unloaded for a while, 
which may have influenced the results of the research 
performed so far (e.g. Hwang et al., 2012; Wilke et al., 
1998). The recent development of animal disc culture 

systems may benefit research relating degeneration to 
mechanical function, as they allow extended loading 
of animal IVDs in order to approximate physiological 
conditions (Jim et al., 2011; Korecki et al., 2007; Paul 
et al., 2012). Besides creating a simulated physiological 
biomechanical environment, some systems can measure the 
disc’s response to the loading, creating new opportunities 
to evaluate the functional status of IVDs.
	 In this study, the advantages of a loaded disc culture 
system are exploited to investigate the biomechanical 
properties of human IVDs during long-term loading, and 
its association with MRI-based degeneration grading. 
The application of long-term physiological loading can 
reduce the effect of the inevitable unloading prior to the 
experiment, and allows the IVDs to settle in a dynamic 
equilibrium, similar to the situation in vivo. Because 
degeneration affects the structures that determine the 
water-binding capacity of the IVD, we hypothesise that 
Pfirrmann Score correlates with biomechanical parameters 
that describe the poroelastic response to axial load. 
Furthermore, we hypothesise that a reduction in GAG 
content of the nucleus, a measure for proteoglycan content, 
is related to a reduced poroelastic response.

Materials and Methods

48 lumbar IVDs were obtained from 12 spines of freshly 
frozen human cadavers (age: 64-93 years). After thawing, 
MRI T2-weighted images of all spines were obtained using 
a Siemens© Symphony 1.5 T scanner (Syngo MR A30, 
software NUMARIS/4, Berlin, Germany). Three observers 
independently graded the IVDs for degeneration using the 
Pfirrmann Score (PS) on a scale of 1-5 (Pfirrmann et al., 

Fig. 1. The loaded disc culture system used in this study. 
The IVD is located inside the culture chamber.
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Fig. 2. Loading regime. Applied axial load on top of the IVD. A diurnal rhythm of 16 h high dynamic loading and 
8 h low dynamic loading was applied.

Fig. 3. Typical example of the response of an IVD to the applied load. When zoomed in at day 6, the changes in disc 
height between point a and b, and between c and d are instantaneous, elastic responses. The changes between b and 
c, and between d and a, are slow, poroelastic responses. Points a and c are defined as the average disc height during 
the final 50 s of the load phase, point b and d as the average disc height during the first 50 s of the load phase. The 
loss of disc height between point d and a will be referred to as subsidence. The time constants and the stiffness are 
determined in the subsidence phase. The stiffness is calculated using the average amplitude in the subsidence phase.
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2001). Additionally, two alternative scores were obtained. 
The first method was introduced by Griffith et al. (2007), 
who suggested that the PS may be not discriminating 
enough in an elderly population, and adapted it to the 
Modified Pfirrmann Score (MPS), which has an eight-
point scale. The second method is the Thompson Score, 
a morphological five-point grading scale of a midsagittal 
slice (Thompson et al., 1990). This was graded on the 
basis of pictures obtained after the experiments described 
below were conducted.
	 From the obtained spines, all soft tissue and the 
posterior elements were removed, and IVDs were isolated 
by parallel cuts through the vertebral bone with a band saw. 
Approximately half a centimetre of bone was included to 
ensure inclusion of the endplate. The IVDs were submerged 
in PBS (Gibco® DPBS; Life Technologies, Carlsbad, 
CA, USA, osmolality of 280-320 mOsm/kg). To prevent 
infection, 10,000 μg/mL penicillin, 10 mg/mL streptomycin 
and 25 μg/mL amphoterizin B (PSF, Sigma-Aldrich®, St. 
Louis, MO, USA) were added. As it was assumed that 
few cells in the IVD had survived freezing, no medium 
refreshments were conducted during the experiment. Discs 
were tested in a custom build culture system, previously 
described by Paul et al. (2012, 2013) and modified to allow 
testing of human specimens (Fig. 1).
	 After 2 h of preloading at 76 kPa, a diurnal loading 
regime was applied for 10 d. We used 16 h of simulated 
daytime loading (sitting and walking), and 8 h of simulated 
night time loading (lying supine/prone). Applied pressures 
were based on in vivo measurements of intradiscal 
pressure during daily activities (Wilke et al., 1999). These 
intradiscal pressures were adjusted to axial compression 
pressures because previous in vitro compression studies 
showed intradiscal pressures in human IVDs to be 1.5 
times the applied compressive pressure (Nachemson and 
Elfström, 1970). Therefore, all discs received a daily 
regime of 16 h of (average ± sine amplitude) 370 ± 130 kPa 
and eight hours of 73 ± 10 kPa (Fig. 2). All loads were 
applied as a sine wave at a frequency of 1 Hz.

Data analysis
Forces were measured with a Kam-e load cell (Bienfait, 
Haarlem, The Netherlands); disc height changes were 
measured with an OADM12 optoelectric sensor (Baumer, 
Berlin, Germany). Both signals were digitised at 100 Hz. 
For analysis of the data, customised programs in Matlab 
(version 2012b for Linux, Mathworks, Natick, MA, 
USA) were used. Analysed outcome parameters include 
subsidence during daytime phases, time constants, and 
average stiffness per day (Fig. 3). Time constants of the 
axial deformation were calculated using the double-Voigt 
method, described by Van der Veen et al., (2007) using the 
long-term time constant. The quality of the fit was checked 
with visual inspection and linear regression analysis: only 
fits with a R2 > 0.98 with the original data were used for 
analysis. The rate of subsidence at the end of each day was 
obtained with a linear fit over the final half hour of the 
subsidence phase. The stiffness was calculated by dividing 
the amplitude of the force signal by the amplitude of the 
disc height signal, and averaging these ratios over all sine 
waves during the subsidence phase.

Biochemical analysis
Tissue samples for biochemical analysis of all discs 
were obtained from the nucleus pulposus. Samples were 
freeze-dried (Speedvac) and subsequently digested in a 
papain-digestion solution composed of a phosphate buffer, 
100 mM pH 6.5, 5 mM L-cysteine-HCl, 5 mM EDTA and 
100 µg papain per mL digestion solution (Merck Millipore, 
Billerica, MA, USA) overnight, in a water bath at 65 °C. 
Digested samples were diluted at will and GAG content 
was analysed using a dimethyl methylene blue (DMMB) 
assay (Biocolor Ltd, Carrickfergus, UK) according to 
manufacturer’s protocol. This is a measure for proteoglycan 
content. Of the remaining papain-digestion solution, 
500  µL was used to quantify hydroxyproline (HYP) 
content, as a measure for total collagen content, using a 
1,9 dimethylamino-benzaldehyde assay as described by 
Paul et al. (2012). Obtained nucleus GAG content was 
expressed in µg per mg tissue dry weight. Lastly, the 
nucleus GAG content was expressed relative to nucleus 
HYP content (GAG/HYP ratio), which has been shown to 
show strong changes with degeneration (Hoogendoorn et 
al., 2008). This is a measure for state of remodelling of 
the nucleus, as the nucleus cells change their extracellular 
matrix production with progressive degeneration from 
proteoglycan to collagen type-I, thus decreasing the GAG/
HYP ratio (Paul et al., 2013).

Statistics
To study the relation between several biomechanical 
parameters (i.e. subsidence, stiffness, time constant and 
rate of subsidence), degeneration gradings, biochemical 
measures, Spearman’s rank correlation coefficient (ρ) and 
corresponding p-values were calculated. Spearman’s ρ was 
used because of the ordinal nature of the grading data and 
the non-normal distribution of most biochemical data. 
Additionally, the Pfirrmann Score of the three observers 
were averaged and rounded to the nearest integer, after 
which a General Estimation Equation (GEE) with each 
spine as subject variable was used to pairwise compare 
consecutive Pfirrmann Score for each biomechanical 
parameter. Inter-observer consistency of the degeneration 
grading was determined using the averaged intra-class 
correlation coefficient. Furthermore, the parameters as 
obtained during day one of the experiment were compared 
to the parameters in equilibrium using a paired t-test. A 
Wilcoxon signed-rank test was performed to compare the 
pre-test Pfirrmann Score and the post-test Thompson Score.

Results

Of the 48 discs, 36 remained for analysis. Two were 
damaged during preparation and had to be discarded, 
and three discs were removed due to technical problems 
during measurements. One disc was removed, as no 
relevant disc height changes where measured, presumably 
due to clamping of the cover of the culture chamber. Six 
other discs were excluded because structural damage 
was observed during the experiments. Structural damage 
presented itself in the form of either sudden disc height 
changes (cracks) or an accelerating disc height loss at the 
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end of the experiment (accumulating damage) (Fig. 4). 
Six nuclei had to be excluded from biochemical analysis 
because not enough nucleus material could be identified, 
or the GAG content was too low to fit in the standard assay 
(less than 18 μg/mg dry weight).
	 The MRI grading of the 36 IVDs showed a distribution 
from mild to end-stage degeneration (PS 2-5, mean 3.39; 
MPS 2-8, mean 4.53; TS 2-5, mean 3.56). The averaged 
intra-class correlation coefficient between observers was 
0.84 (PS), 0.87 (MPS) and 0.94 (TS). Fig. 5 shows a 
typical example of the mechanical response of a mildly 
and a severely degenerated disc. The first day shows 
great reduction in disc height, after which the discs enter 
a dynamic equilibrium after 4-5 d. Although the severely 
degenerated disc still loses disc height after day six, the 
parameters of interest do not change, which is the definition 
of equilibrium used in this study. For example, as can be 
seen in Fig. 6, no substantial changes in daily subsidence 
are found after day six. Therefore, the sixth day of loading 
was used for analysis, and compared with day one.
	 Table 1 shows that, except for the time constant, all 
parameters at day six differed significantly from day one. 
Correlations between MRI gradings and biomechanical 
parameters range from none to moderate. Notably, several 
parameters showed better correlation to the degeneration 
grades on day six than on the first day of loading. The 
PS correlated significantly with the subsidence at day 
six (p  =  0.003), and the slope of the subsidence at the 
end of day one (p = 0.018) and six (p = 0.001). These 
parameters showed similar or slightly higher correlations 
with the MPS. The TS showed overall higher correlations, 
with only subsidence day one not reaching significance 
(p = 0.13). Except for the rate of subsidence at the end of 
day six, no significant relation between absolute nucleus 
GAG content and biomechanical parameters was found. 
If divided by a measure for total collagen content, the 
HYP content, significant relations were found with time 
constant (p = 0.008) and subsidence rate at the end of day 

six (p < 0.001), and the stiffness at day one (p = 0.015). 
Overall, the GAG content seems to be a worse predictor 
of biomechanical properties than the GAG/HYP ratio (Fig. 
7). It is noteworthy that the relation of the biomechanical 
parameters to GAG content and GAG/HYP ratio was 
consistently reverse in sign compared to the degeneration 
grades, as expected.
	 Fig. 8 shows the quantitative distribution over PSs of 
the parameters of interest on day six of the measurements. 
As shown, all parameters showed a highly significant 
main effect (p < 0.001), which indicates that correcting 
for the between-subject variability increases the statistical 
significance. Pairwise tests between consecutive PSs 
showed that the difference between grade 4 and 5 was the 
most notable in these parameters.
	 The Wilcoxon signed-rank test to compare pre-test 
PS and post-test TS did not show significant changes in 
degeneration (p = 0.42).

Fig. 4. Disc height changes of a discarded disc. 
Progressive reduction in disc height can be observed.

Fig. 5. Typical examples of the displacement graphs 
of an end-stage degenerated disc (PS 5) and a mildly 
degenerated disc (PS 3).

Fig. 6. Development of the daily subsidence over time. 
It can be seen that the parameter stabilises after 5 d.
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Fig. 7. Scatter plots of biochemical and biomechanical data. The biomechanical parameters are plotted on the left 
hand side against the GAG content, expressed in µg GAG per mg dry-weight of nucleus material (µg/mg-dw). On 
the right hand side, biomechanical parameters are plotted against the GAG content divided by the HYP content 
(GAG/HYP ratio).



336 www.ecmjournal.org

KS Emanuel et al.                                                                                   Poroelastic behaviour of the degenerating IVD

Discussion

This study was the first to measure biomechanical 
properties of entire human IVDs under an applied 
simulated physiological loading regime lasting ten days. 
Fig. 5 pre-eminently visualises the response of IVDs to the 
diurnal load, and how this changes with degeneration. It can 
be seen that the IVD shows instantaneous elastic response 
to changes in load, as well as slow poroelastic responses, 
in line with existing models (O’Connell et al., 2011; van 
der Veen et al., 2013). The results of this study indicate that 
degeneration of the IVD is related to (1) less subsidence 
during a day of loading, (2) lower subsidence rate at the end 
of the day, and (3) higher stiffness. The most pronounced 

differences were observed between IVDs with PS 4 and 
5, suggesting that biomechanical properties change most 
substantially during the end-stage degeneration.
	 Most of the parameters evaluated in this study were 
significantly different at day six of the experiment 
compared to day one. The subsidence during day six 
of the experiment showed a significant correlation with 
degeneration grade, but the subsidence at day one showed 
very weak, insignificant correlations. As shown in Fig. 6, 
the average subsidence per day reduced during the first 
five days, and was stable thereafter. In the first days of 
loading, the subsidence may have been related largely to the 
temporal state of hydration at the start of the experiment, 
which is difficult to control. This can be prevented by 

Fig. 8. Distributions over Pfirrmann 
grades. Top left: number of IVDs per 
PS group. Others: Average value for 
biomechanical parameters, grouped by 
PS. If main effect has been shown by 
the GEE, this is indicated after the title. 
Significance of the pairwise evaluation 
is shown in the graphs. *p  <  0.05, 
**p < 0.01, ***p < 0.001.

Table 1. Average values of the parameters and Spearman’s correlation coefficients between biomechanical parameters, 
degeneration grades and biochemical parameters.

*p < 0.05, **p < 0.01, ***p < 0.001.

Parameter

Average value 
(*significant 
difference 

from day 1)
Correlation 

with PS
Correlation 
with MPS

Correlation 
with TS

Correlation 
with GAG-

content 
nucleus

Correlation 
with GAG/
HYP ratio 

nucleus
Subsidence day 1 1.813 mm -0.24 -0.14 0.26 -0.28 -0.14
Subsidence day 6 0.559 mm*** -0.49** -0.47** -0.33* 0.08 0.25

Rate of subsidence end day 1 0.043 mm/h -0.39* -0.50** -0.39* 0.16 0.31
Rate of subsidence end day 6 0.013 mm/h*** -0.53** -0.61*** -0.54*** 0.37* 0.61***

Stiffness day 1 2489 N/mm 0.37* 0.44** 0.59*** -0.32 -0.45*
Stiffness day 6 2762 N/mm*** 0.30 0.45** 0.52** -0.14 -0.27

Time constant day 1 11.0 h -0.12 -0.24 -0.54*** 0.25 0.33
Time constant day 6 10.2 h -0.27 -0.39* -0.47** 0.34 0.48**
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measuring multiple cycles of loading and unloading until 
parameters are stable. This study shows that the parameters 
then obtained may have a higher clinical relevance, because 
they show a better relation with IVD degeneration. The 
reason for this is that the initial condition of the IVDs was 
one of “superhydration” due to prolonged unloading after 
excision of the spinal segments. This means that the state 
of the disc was close to the maximal disc height, which, 
in vivo, would only occur after prolonged space-flight or 
bed-rest (O’Connell et al., 2011). Therefore, the amount 
of subsidence on the first day was consistently greater 
than the recovery during the first night, leading to a state 
of less hydration after day one, which reduced the possible 
amount of subsidence at subsequent days. After some days, 
the amount of subsidence and the recovery stabilised in a 
dynamic equilibrium. This was usually the case after six 
days.
	 Highest correlations with degeneration scores were 
found for the rate of subsidence at the end of each day. 
This indicates that with increasing degeneration, the 
subsidence is almost complete after a day of loading. The 
healthy discs, however, are still losing disc height at the 
end of the loading period. This shows that the healthy discs 
do not operate in the limits of the system, and maintain a 
dynamic behaviour, in contrast to degenerated discs.
	 The stiffness of the IVD in equilibrium did not show 
a significant correlation with PS, but did show significant 
correlations with MPS and TS. A main effect of PS on 
stiffness was found, however, in the GEE. In Fig. 8 it can 
be seen that the stiffness of the group of PS 4-5 deviates 
most pronouncedly, in line with other variables. A relation 
between stiffness or elastic modulus and degeneration has 
previously been found in the literature (Antoniou et al., 
2013; Kaigle et al., 1998).
	 In contrast to the amount of subsidence itself, the 
time constant of the subsidence during day six did not 
show a significant relation with PS, although the GEE 
did show a main effect. However, with the TS, clear 
correlations with the time constant at day one and six are 
found. This may be partly explained by the fact that the 
time constants are rather large (average 10.2 h) compared 
to the time measured (16 h). Van der Veen et al. (2013) 
recommend extending the measurement time at least 3 
times the expected time constant to accurately acquire 
time constants. As the diurnal loading regime did not allow 
such an extension, estimations may be less robust, leading 
to more diffuse results. In future experiments, the final 
loading phase could be extended to approximately 60 h in 
order to estimate time constants more accurately.
	 The biomechanical parameters did not show a 
clear relation with GAG content in the nucleus. This is 
surprising, as proteoglycan loss is commonly accepted as 
the mediating factor in the relation between degeneration 
and biomechanics (e.g. Adams and Roughley, 2006; 
O’Connell et al., 2011). However, to our knowledge, only 
few studies have experimentally tested this relation. It has 
been established that enzymatic digestion of proteoglycan 
with injection of chondroitinase ABC (CABC) alters 
some mechanical parameters such as flexion mechanics 

(Lü et al., 1997) and intradiscal pressure (Sasaki et al., 
2001). In articular cartilage the proteoglycan content has 
been shown to correlate strongly with stiffness (Wheaton 
et al., 2005). Furthermore, nucleus pulposus material 
properties were found to be moderately related to GAG 
content (Johannessen and Elliott, 2005). Possibly, the 
contrasting findings in this study were limited by the 
specimen characteristics, as the GAG content in all 
nuclei was found to be low (maximal 208  µg/mg dry 
weight). The reason for this can be found in the age of 
the specimen, as GAG content is known to reduce with 
age, independent of degeneration (Singh et al., 2009). 
Six nuclei had to be excluded from analysis because not 
enough nucleus material could be identified, or the GAG 
content was too low to fit in the standard assay (less than 
18 μg/mg dry weight). Together, this limited the range of 
GAG content, thereby probably reducing the possibility to 
find a strong correlation. The GAG content relative to the 
HYP content, however, did show significant moderate-to-
strong correlations to time constant and subsidence rate. 
With degeneration, the cells in the nucleus produce less 
proteoglycans and start to produce more collagen type-I 
(Paul et al., 2013), which can be seen as remodelling of the 
disc. As HYP content is a measure for collagen content, the 
GAG/HYP ratio is an indicator for this process. The results 
of this study show that the remodelling of the nucleus from 
a proteoglycan-rich gel to a more collagen type-I-rich 
fibrous tissue is related to poroelastic properties of the disc. 
This indicates that besides the proteoglycans, the collagens 
also play a role in the poroelasticity of IVDs. However, 
to elucidate the relation between biochemical content and 
whole-segment biomechanical properties, more research 
is needed.
	 Altogether, measures for the slow, poroelastic response 
of the IVD to the increased load during daytime are 
significantly related to degeneration. These results support 
the common view on disc degeneration as a loss of capacity 
to bind water under load. This is reflected in the reduction 
of the poroelastic response. Presumably, this is caused by 
the reduced swelling capacity of the nucleus and/or the 
permeability of the system (i.e. IVD and endplates) for 
fluids. The swelling capacity of the nucleus is believed 
to be determined by the proteoglycan content (Urban and 
Roberts, 2003), although the results of this study imply 
that especially the ratio of proteoglycans and collagen 
may be of importance. The other possible mechanism 
that would influence poroelastic behaviour is an increase 
of the permeability of the system, which would disable 
the nucleus to build up pressure. The fluid flow out of 
the nucleus is known to be directed through the annulus 
rather than the endplate, as total blocking of the endplate 
does not influence biomechanical behaviour (Van der 
Veen et al., 2007). Furthermore, the permeability of the 
annulus is about tenfold higher than the permeability of the 
nucleus and endplate (Cortes et al., 2014). This indicates 
that the permeability of the annulus is not a main factor 
for the ability of the system to build up pressure, and that 
the permeability of the nucleus itself may be of more 
importance. Annulus fissures may therefore not necessarily 
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have a direct effect on the axial biomechanics. The 
influence of annulus and nucleus permeability on whole-
disc mechanics may be of interest for future research.
	 The number of discs that failed during this study 
(six) indicates that the loading was quite intense. A graph 
depicting one of the six discarded discs can be seen in 
Fig. 4. Damage of the subchondral bone was visually 
observed in this sample after the measurements. A possible 
explanation can be found in the old age of the donors at 
time of death, so that the subchondral bone was possibly 
osteoporotic. Furthermore, it is possible that the bone was 
weakened by sawing close to the endplate.
	 Freshly frozen human material was used in this study. 
Previous studies have shown that the biomechanical 
properties are not significantly altered after freezing and 
thawing human intervertebral discs compared to shortly 
post mortem (Dhillon et al., 2001; Tan and Uppuganti, 
2012). Additionally, the frozen storage is expected to 
drastically lower the cell viability in the IVDs (Ohlendorf 
et al., 1996). Therefore, no active degeneration processes 
are expected. The TS, obtained after the experiments were 
conducted, did not show a significantly higher grading 
compared to the pre-test PS. Also, the stabilisation of 
parameters indicates that no on-going degenerative process 
is influencing the biomechanical parameters. The same 
applies to the biochemical content, where the number of 
viable cells that could actively break down the proteins is 
expected to be very low. In previous research no effect of 
freezing on GAG content was found (Guan et al., 2006).
	 An additional limitation may be found in the MRI 
images of the spines, as they were obtained post mortem. 
Therefore, the unloading of the spine prior to the MRI 
may have caused underestimation of the degeneration 
gradings in some discs, due to post mortem water uptake 
and subsequent increase in disc height. The non-significant 
difference between PS and TS implies that this is not 
of major influence, as the TS was obtained after the 
experiment, which normalises the state of superhydration.

Implications
The mechanical environment has great influence on 
IVD cell functioning. Both unloading and overloading 
have been shown to reduce cell viability, and alter gene 
expression (Paul et al., 2013). The reduction of poroelastic 
behaviour in degenerated discs implies a reduction in 
hydrostatic pressure. The reduction in hydrostatic pressure 
will increase the shear stresses in the IVD (Carter and 
Wong, 2003; Hwang et al., 2012), which is known to have 
a mechanobiological effect on the IVD cells. The cells 
respond to shear stress by activation of remodelling genes, 
which leads to increased production of collagen type-I 
(Carter and Wong, 2003, Paul et al., 2013). Furthermore, 
a reduction in hydrostatic pressure reduces proteoglycan 
production (Handa et al., 1997). This research showed that 
the ratio between proteoglycans and collagen is related to 
poroelastic properties of the disc. Possibly, this leads to 
a positive-feedback loop where degenerative mechanical 
cues induce remodelling, which causes more mechanical 
cues, etc. (Vergroesen et al., 2015a). Regenerative 
therapies should therefore aim to restore the biomechanical 
environment of the IVD cells, possibly by restoring the 

permeability and/or increasing swelling pressure through 
the water-binding capacity of the IVDs. For evaluation of 
disc-repair mechanisms and regenerative treatments, an ex-
vivo environment like the loaded disc culture system could 
prove to be a useful tool, and the parameters identified in 
this study can be used to evaluate attempts to restore the 
functioning of the IVDs.
	 The results of this study indicate that the changing 
biomechanical properties of the disc show mostly a 
weak-to-moderate relation to degeneration, based on MRI 
imaging. End-stage degenerated discs (PS 5), although few 
in number, attributed most pronouncedly to this relation. 
The found absence of a strong relation could explain the 
difficulties encountered in finding a relation between 
MRI-based disc degeneration grading and low back 
pain, with the most convincing relations found in studies 
that specifically considered the most degenerated discs 
(Livshits et al., 2011). The accuracy of spinal degeneration 
assessment based on imaging can be compromised by the 
effects of loading history on disc fluid content. For instance, 
a 10 % difference in MRI signal intensity has been reported 
between images taken in the morning and in the evening 
(Roberts et al., 1998). Additionally, it should be taken into 
account that the supine position of the patient will increase 
disc height instantaneously compared to standing due to 
the elastic response (0.2-0.7 mm per disc in this study, 
see example in Fig. 3). Alternative imaging methods, 
such as the recently developed T1ρ- and T2*-weighted 
MRI imaging techniques may provide stronger relations 
(Ellingson et al., 2014; Johannessen et al., 2006). However, 
new imaging techniques should be validated intensively 
to physiological parameters, before large and costly 
epidemiological studies are conducted. The Thompson 
Score shows overall stronger relation to biomechanical 
properties than the MRI-based degeneration scores. This 
indicates that this score is preferable in scientific context.
	 In conclusion, a loss of poroelastic behaviour of IVDs 
is related to the degeneration of the intervertebral disc, 
and its restoration should be a priority for attempts to 
regenerate discs. However, long-term loading is needed 
to obtain relevant measures. Furthermore, the Pfirrmann 
Score, which grades T2-weighted MRI images, is not a 
strong predictor of the biomechanical properties of IVDs. 
The ratio between proteoglycan content and collagen 
content (GAG/HYP ratio) showed stronger relations to 
disc biomechanics than solely the proteoglycan content. 
The relation between biochemical content and whole-disc 
mechanics needs further investigation.
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Discussion with Reviewers

Reviewer II: How much do you expect post mortem 
swelling, as it is a function of degenerative grade, to affect 
the MRI parameters used in this study? 
Authors: The influence of post mortem swelling may be 
two-fold. First, an increase in disc height is present, as the 
results of this study clearly indicate. Second, an increase 
of water content may occur. Combined, this will lead to 
an underestimation of the MRI grade. However, the post-
experimental Thompson grading (which does not suffer 
from the superhydration, as the experiment removes this) 
did not significantly differ from the pre-test Pfirrmann 
Score, indicating that there was no great underestimation.

Reviewer II: How much of the poroelastic response of 
degenerated discs do you expect to depend on secondary 
permeability (arising from radial fissuring of the AF) as 
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opposed to primary permeability and proteoglycan content 
of the tissue?
Authors: This is an interesting question. As the 
permeability of nucleus material is much lower than the 
permeability of healthy annulus material, we believe that 
annulus permeability is not the main determinant of the 
permeability of the system as a whole. However, as the 
annulus confines the nucleus material, the fissure may 
prohibit the disc to build up pressure. In our recent research 
(Vergroesen et al., 2015b) a puncture of the annulus did not 
affect biomechanical properties as much as we expected, 
except in discs where the nucleus herniated through 

the fissure. Therefore, we do not think that secondary 
permeability has a great direct influence on biomechanical 
behaviour. 
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