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INTRODUCTION 
Intervertebral discs (IVD) represent about 30% of the human 
spine height, and people significantly lose height along the 
day, most likely because of fluid expelling out of the IVD 
[1,2]. Healthy young adults would be active during about 16h, 
but average rest periods of 8h seem sufficient to avoid 
shrinkage day after day, probably thanks to faster IVD volume 
and water recovering than loss [3].  
Indeed, vertebral endplates (VB) have been pointed out to be 
involved in a direction-dependent fluid flow mechanism [4,5]. 
Numerical simulations suggested that when the soft cartilage 
endplate (CEP) is pressed against the adjacent bony endplate 
(BEP) by intradiscal pressurization, its porosity would 
decrease in the vicinity of the bone marrow contact channels, 
limiting fluid out-flow through the BEP. Conversely, a fluid 
in-flow from the BEP would locally open CEP porosity [6]. 
Unfortunately, this "disc valve" theory cannot explain that 
larger fluid out-flow [7], or similar out- and in-flow [8] were 
measured through healthy VB. Actually, another factor able to 
control soft tissue apparent permeability is the proteoglycan 
(PG) concentration [9], that presents concentration gradients 
from the nucleus pulposus (NP) to the BEP [10]. 
Thus, the aim of the present study is to investigate whether 
permeability gradients through the CEP would be able to 
control the fluid flow direction-dependence through the VB. 
 
METHODS 
n axisymmetric micromechanical finite element (FE) model 
of the lumbar CEP was developed (Fig.1). Transversal layers 
of different permeability were created, and the permeability 
generally increased from the caudal to the cranial layers. Two 
sub-studies were then designed. 
In a first study, boundary condition and permeability 
distribution effects were explored in a simplified CEP 
approximation, where three permeability layers were defined: 
1) a transition layer from the NP to the central CEP, 2) a 
central CEP layer, and 3) a transition layer from the central 
CEP to the BEP (Fig.1). The thickness of these layers was 
parameterized and the height of each transition layer was 
successively shrunk from 0.175 mm to 0.014, 0.105 mm, 
0.070 mm, 0.035 mm, and 0.000 mm.  
The CEP material was considered poroelastic linear with 
poromechanical parameters within the range of those reported 
in the literature [11]. The different intrinsic permeability used 
are given in Fig.1. CEP permeation was simulated through soil 
consolidation analyses.  
A gradient pressure of 1.1 MPa was applied. The highest pore 
pressure was applied in 0.5 s, either at the NP or at the BEP 
boundary of the CEP, and was kept until steady-state flow was 

achieved through the CEP. The motion of the nodes to the 
BEP side was restricted in the axial direction, and the effect of 
simulating lateral confinement or not was explored. Moreover, 
the boundary pore pressure was applied, either directly at the 
CEP boundaries, or via two supplementary element layers 
(grayed layers, Fig.1, right) with BEP and NP poromechanical 
properties [11], respectively. 

 

              
Figure 1: Histological and FE representation of the vertebra-
IVD interface (left), and micro FE representation of a central 
section of the CEP (right).  
 
The second study performed was very similar to the first one, 
but with a more realistic distribution of the CEP intrinsic 
permeability (Fig.2). A PG concentration of 50 mg.mL-1 [12] 
was assumed for the CEP layer closest to the NP, and a linear 
concentration decrease toward the BEP was simulated, 
according to reported measurements [10]. A corresponding 
distribution of specific hydraulic conductivities was then 
estimated according to an empirical equation fitted to PG 
concentration measurements [9]: 
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where κ is the specific hydraulic conductivity in mm2, and C, 
the PG concentration in mg.mL-1. The CEP model was 
laterally confined and the applied gradient pressure was 
reduced to 0.78 MPa to simulate a mean lumbar intradiscal 
pressure during day activity [13]. 
 

               
Figure 2: Simulated distribution of CEP permeability and 
coupled FE model (permeability varies where color changes). 



RESULTS AND DISCUSSION 
As shown in Fig.3, the presence of permeability gradient 
through the CEP model led to faster fluid flow from the BEP 
to the NP side (in-flow) than from the NP to the BEP side 
(out-flow). Such outcome was independent on whether lateral 
confinement was simulated or not and was significant, even 
with the thinnest transition layers (Fig.3B).  
When pressure gradients were applied on the NP and BEP 
boundary elements, the flow time profile changed (Fig.3C). 
Interestingly, while the steady-state in-flow remained larger 
than the steady-state out-flow, transient out-flow was 
significantly faster than the transient in-flow.  
Simulations with refined permeability distributions confirmed 
that the intrinsic permeability gradients that are likely to be 
found in a healthy CEP lead to faster steady-state in-flow than 
out-flow (Fig. 3D). However, transient out-flow was 
significantly faster that the transient in-flow, even when 
boundary NP and BEP materials were not simulated.  
When boundary materials were introduced, the transient out-
flow further increased relatively to the transient out-flow. 
Interestingly, when the simulated NP permeability was greater 
than that of the first adjacent CEP layer, the steady state out-
flow increased relatively to the steady-state in-flow. 
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Figure 3: A,B,C) Fluid flows calculated through the 
simplified laterally confined CEP model without (A,B) and 
with (C) boundary materials, and with permeability transition 
zones of 0.0175 mm (A) and 0.035 mm (B,C). D) Fluid flows 
calculated with refined permeability distributions without 
boundary materials. 
 
This study showed that axial permeability gradients through 
the CEP could explain the direction-dependent fluid flows 
through the VB. Results were in-line with the experimental 
data [4] that support the disc valve theory [6], but unlike the 
“disc valve” theory, permeability gradient effects could 
explain the lack of significant direction-dependent flow [8], or 
the presence of faster out- than in-flow [7]. Indeed, the 
simulated permeability gradients were assumed to come from 
PG composition gradients. As composition gradients decrease, 
the direction-dependency of the flow tends to vanish. Also, we 

showed that different boundary materials adjacent to the CEP 
could significantly affect the fluid flow preferential direction 
through the tissue. Thus, the apparent contradictions among 
different permeation measurements could be explained by the 
variability of specimen biochemical composition, due to the 
CEP itself and/or to possible remaining adjacent tissues. 
The present CEP permeability gradient theory does not 
invalidate the disc valve theory but is probably a valuable 
complement to explain some known physiological and/or 
experimental outcomes. As such, the simulations including 
improved descriptions of PG and intrinsic permeability 
distributions gave faster fluid out-flow than in-flow in the 
transient period of CEP permeation. This is in agreement with 
the reduced IVD swelling observed with mechanical 
vibrations [14], and poromechanical issues due to composition 
gradients could help to understand the real implication of high 
frequency loadings in low back pain.  
However, to truly start exploring the involvement of CEP and 
adjacent tissue compositions in pathologic disc dehydration, 
the model needs to be improved. First of all, the boundary 
conditions for IVD fluid impelling and expelling are not 
symmetric with respect to the CEP, and such asymmetry needs 
to be identified. The tissue consolidation description also 
needs improvements, including large strain behaviour, strain-
dependent permeability, and osmotic effects.  
 
CONCLUSIONS 
Through the simulation of physiological PG concentration 
gradients within the CEP, this study proposes an alternative 
explanation for the direction-dependent fluid flows through 
the VB. The composition effects assessed do not contradict the 
existing theories, but would allow deeper explorations of the 
relations among environmental factors, IVD hydration, and 
low back pain. 
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