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Abstract 

The intervertebral disc is formed by the nucleus pulposus (NP) and annulus 

fibrosus (AF), and intervertebral tissue contains a large amount of negatively charged 

proteoglycan. When this tissue becomes deformed, a streaming potential is induced by 

liquid flow with positive ions. The anisotropic property of the AF tissue is caused by the 

structural anisotropy of the solid phase and the liquid phase flowing into the tissue with 

the streaming potential. This study investigated the relationship between the streaming 

potential and applied stress in bovine intervertebral tissue while focusing on the 

anisotropy and loading location. Column-shaped specimens, 5.5 mm in diameter and 3 

mm thick, were prepared from tissue of the AF, NP, and the annulus-nucleus transition 

region (AN). The loading direction of each specimen was oriented in the spinal axial 

direction, as well as in the circumferential and radial directions of the spine considering 

the anisotropic properties of the AF tissue. The streaming potential changed linearly 

with stress in all specimens. The linear coefficients ke of the relationship between stress 

and streaming potential depended on the extracted positions. These coefficients were 

not affected by the anisotropy of the AF tissue. In addition, these coefficients were 

lower in AF than in NP specimens. Except in the NP specimen, the ke values were 

higher under faster compression rate conditions. In cyclic compression loading, the 

streaming potential changed linearly with compressive stress, regardless of differences 

in the tissue and load frequency.  

 

Key words: 
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1. Introduction 

The spine is formed by a series of vertebrae and intervertebral discs in addition to 

muscles and ligaments. The biological function of the intervertebral discs is to provide 

motion flexibility and stiffness to support the body weight. Intervertebral disc tissue is 

classified into either nucleus pulposus (NP) or annulus fibrosus (AF). NP is located in 

the center of the tissue and surrounded by a layer forming the AF. The AF contains 

numerous collagen fibers that are composed of concentric layers encircling the NP. The 

collagen fibers are oriented in layers that intersect with each other (White and Panjabi, 

1978). Urban and Maroudas (1979) stated that the NP contains much more liquid than 

the AF. Understanding the interplay between applied stress in human motion for a 

variety of situations and body weights is important to the analysis of injuries of this 

tissue. Many types of stress/strain analyses of the spine have been carried out to explain 

the mechanical properties of biological soft tissue, and a number of physical models 

have been proposed in analytical studies. In these models, the properties are described 

on the basis of their approximate elasticity or viscoelasticity (Bilston and Thibault, 

1996, Ichihara et al., 2003). In addition, there are biphasic models that consider the 

interaction of the solid and liquid phases (Ateshian et al., 1997, LeRoux and Setton, 

2002, Perie et al., 2004). When the phases become deformed, the liquid phase in the 

tissue flows out through openings in the solid phase, and the interaction and friction 

between the two phases give rise to macroscopic viscoelastic behavior. In addition, the 

solid phase of soft tissue contains a large amount of negatively charged proteoglycan, 

which is caused by glycosaminoglycan having negatively charged sulfate and carboxyl 

groups. Strain in the soft tissue changes the charge density of the proteoglycan and 

disrupts the balance of the electrochemical equilibrium. This electrical charge affects 
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the viscoelastic deformation of the tissue. The triphasic theory was proposed to describe 

the mechanical properties of articular cartilage (Lai et al., 1991, Gu et al., 1993, Lai et 

al., 2000, Ateshian et al., 2004, Sun et al., 2004) while considering the solid and the 

liquid phases as well as the negative ion phase. When an electrical potential is present 

in the deformed tissue, the potential changes with the liquid flow. This relative change 

in electrical potential is referred to as the streaming potential. The streaming potential 

has been measured in articular cartilage (Frank et al., 1987a, 1987b, Chen et al., 1997, 

Garon et al., 2001), lumbar discs (Gu et al., 1999), tendons (Chen et al, 2000), spinal 

cords (Tadano et al., 2009), and bone (Gross and Williams, 1982). The triphasic theory 

postulates that stress causes streaming potential. It has also been reported that the 

relationship between stress and electrical potential of the spinal cord tissue is linear in 

uniaxial compressive loading (Tadano et al., 2009). Knowledge of the streaming 

potential would enable stress measurements of the viscoelastic tissue. The 

fiber-oriented structure characterizes the anisotropic elasticity of the tissue, and stress 

estimates of the tissue should be analyzed by considering the anisotropic elastic 

modulus of the AF tissue. This study was conducted to investigate the relationship 

between the anisotropic structure of the AF and the streaming potential generated by a 

range of compressive loads applied from different directions. The streaming potentials 

in the AF tissue were then compared with those in the NP tissue under the same 

compressive loading conditions. 

 

2. Experimental Procedure 

2.1 Measurement of streaming potential 
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Quantitative measurements of the streaming potential related to tissue compression 

can be performed using uniaxial compression under a condition in which there is 

unidirectional inner liquid flow, and a confined compression testing device has been 

constructed to measure streaming potential with unidirectional flow (Tadano et al., 

2009). Figure 1 shows the test setup based on a commercially available material testing 

machine (Instron Model 3365, Instron Corp., with 50 N load cell). This setup was 

primarily used for compressive tests in conjunction with an indenter. In the present 

study, a porous 6-mm-thick plastic plate (Fildus S-HP6.0, Mitsubishi Plastics, Inc.) 

was used as the filter for the liquid phase flowing from the specimen under strain. 

This plate was made from small particles (125 μm in diameter) of 

ultrahigh-molecular-weight polyethylene and had a porosity of 52 vol%. The porous 

filter prevents outflow of the solid phase but does not obstruct inflow or outflow of the 

liquid phase. In this system, the specimen is placed in a 5.5-mm inner diameter acrylic 

ring that is set on the porous filter. The ring restrains the circumference of the specimen, 

and the internal liquid phase only moves to the filter side to flow out through the porous 

filter during compression loads applied from above. Differences in the electrical 

potential then arise in the specimen because the negatively charged proteoglycan in the 

solid phase remains and is concentrated in the compressive area of the specimen, while 

the positive ions flow through the tissue. In this study, the assembled structure was set 

inside a clear acrylic container filled with physiological saline. The container was 

located in a large bath and kept at 37 °C by supplying hot water to the surrounding bath. 

An Ag/AgCl electrode (E204 Disk, IMV Corp.) bonded and insulated from the tip of 

the 5-mm diameter indenter was used to test the physiological conditions. This type of 

electrode is useful under these conditions because it does not dissolve in solutions 



 
 

Streaming Potential in Bovine Intervertebral Tissue, Fujisaki et al. 
 

6 
 

containing chlorine ions and hence prevents damage to biological specimens during 

measurements. Another electrode used as a reference electrode was located in the 

physiological saline bath 30 mm from the loading axis at the same height as the 

specimen to avoid the effects of liquid phase flow out (Fig. 1). The electrical potential 

between these two electrodes was measured as the streaming potential focused on the 

loading location. The electrical potential is detected by electrodes using an amplifying 

device (CDV-700A, Kyowa Electric Instruments Co. Ltd.). The potential is recorded on 

a PC by a sensor interface (PCD-300A, Kyowa Electric Instruments Co. Ltd.) 

concurrently with the applied load at the indenter measured from the load cell. Overall, 

the system measures electrical potential changes in the tissue specimen during 

compressive loading. 

 

2.2 Specimens 

Intervertebral discs were removed from the lumbar spine of three female 

24-month-old Holstein cows that had died for reasons other than spine diseases. The 

lumbar disc tissue was then extracted from the spine and preserved at less than 5 °C for 

less than three days after death, after which the discs were preserved by freezing at 

-35 °C. Figure 2(a) shows a photograph of a cross section of an intervertebral disc, and 

Fig. 2(b) shows the locations at which the specimen was cut. Column-shaped specimens 

that were 3 mm thick and had a diameter of 5.5 mm were prepared from the lumbar 

discs. The loading direction of each specimen was oriented in the spinal axial direction 

in the NP and the AN (annulus-nucleus transition region) specimens, as shown in Fig. 

2(b). In the AF specimens, the axial (AF-A), circumferential (AF-C), and radial 
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directions (AF-R) of the spine were sampled for measurement of the anisotropic 

elasticity of the AF tissue. Nine specimens of each tissue type were prepared from 

several parts of the lumbar discs in the three cows, and the mean value of the nine 

specimens was determined and used for subsequent analysis. The specimens were 

cryogenically preserved in a freezer at -35 °C until immediately before the loading 

experiments. Compression specimens, 5.5 mm in diameter and 3 mm thick, were 

formed using a punch cutter while the specimens were frozen. When the frozen 

specimens were thawed after being set in the testing device and placed in physiological 

saline at a constant temperature of 37 °C, their height changed considerably owing to 

swelling. To prevent resistant forces from arising in the loading tests as a result of 

swelling, a sufficient interval of more than 35 min was maintained between placement 

in the saline and the beginning of the tests. However, the volume of swelling varied 

among specimens, and the thicknesses of specimens during swelling could not be kept 

constant. Therefore, the indenter was placed 4 mm above the surface of the bottom filter 

after the specimen was set, as shown in Fig. 3. The inner container was filled with 

physiological saline and the temperature was kept constant by the surrounding water 

(37 °C) during the experiments. All specimen heights were kept at 4 mm after sufficient 

swelling from the 3 mm frozen height, and the stress, strain, and electrical potential 

were set to zero as the initial values. 

 

2.3 Loading patterns 

Compression loading and long period loading by cyclic loads were carried out to 

relate the streaming potential to a variety of stress states. The compression loading 
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profile is shown in Fig. 4. Three phases of the compression process, 8.0 mm/min for 3 

s, 0.8 mm/min for 15 s, and 0.08 mm/min for 150 s, resulting in a 0.4, 0.2, and 0.2 mm 

compression, respectively, with a total of 0.8 mm of compression, were carried out 

under the wet condition with the physiological saline at 37 ± 1 °C. After the 

compression processes, cyclic compression loads with a constant frequency of either 

0.01, 0.1, or 1 Hz and total amplitude of 0.2 mm were applied to the specimen during 

30 min. When the loading conditions were changed, time intervals of 35 min were used 

to maintain the stability of the specimens and release both stress and electrical potential 

close to the initial values. 

 

3. Results 

3.1 Monotonic compression test  

The electrical potential between the electrode attached to the tip of the indenter 

and the reference electrode became increasingly negative as the applied compressive 

strain increased. Figure 5(a) shows the stress and strain curves calculated from the 

applied load in the AF specimens under uniaxial compression at a compression rate of 

0.8 mm/min. Figure 5(b) shows the relationships between the electrical potential and 

strain in the AF specimens under the same conditions as those in Fig. 5(a). The results 

indicate a non-linear relationship between the stress and strain, as well as between the 

steaming potential and the strain. Figure 5(c) shows the relationship between the 

streaming potential V and the compressive stress σ. This relationship was linear and had 

a very high correlation coefficient R2 of more than 0.99 for every specimen. This linear 

relationship is expressed in Eq. (1). 
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V = ke σ                      (1) 

where ke is the electrokinetics factor. As shown in Fig. 6, the mean values of ke (n = 9) 

measured for each specimen at different compression rates varied depending on the 

extraction location and compression speed. The difference of each mean value of ke was 

evaluated in two sample t-test. In the case of un-equal variances, Welch’s t-test was 

used to evaluate the difference. The results showed that there were no significant 

differences in ke among loading directions -A, -C, and -R in the AF specimens at each 

of the loading speeds. Significant differences in ke were observed between each AF 

specimen and the NP specimen, under compression at 0.08 mm/min (p < 0.01) and 0.8 

mm/min (p < 0.05). In the NP specimens, the ke values for the different compression 

speeds were very similar, but these values varied greatly among specimens. The ke 

values were higher for higher compression speeds in AF-A (p < 0.01) and AF-C (p < 

0.01), while the ke values of the AF-R and AN specimens did not differ significantly.  

 

3.2 Cyclic loading test 

Figure 7 shows the relationship between the compressive stress and streaming 

potential for the entire 30-min period of cyclic loading at 0.01 Hz in AF-A. A linear 

relationship was observed for all specimens. The response of the electric charge showed 

no time delay and the measured electrical potential pattern had negative peaks at the 

maximum compression stress in the loading. The amplitude of the peak-to-peak 

streaming potential for all specimens decreased slightly as the cycle number increased. 

The ke values were calculated in the same manner as in the case of the compression 

curves, i.e., as an average value of the entire cyclic loading period. The values could be 
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regarded as independent of the cyclic frequency after the second loading among the 

same types of specimens (data not shown). Figure 8 shows the mean values of ke in 

each specimen (n = 9) averaged for all cyclic speeds. The effects of the anisotropic 

structure of the AF were not apparent in these results. Although there were no apparent 

differences in the tissue, the NP specimens showed higher ke values than the AF 

specimens, similar to the results of the uniaxial compression experiments. Although the 

AN values varied greatly, their values were between those of AF and NP. 

 

4. Discussion 

The system developed here provides the streaming potential generated in the soft 

tissue under compressive conditions while considering a specific stress field. The 

experiments consisted of in vitro tests performed outside of the biological body, and the 

streaming potential was determined based on the electrical difference between the 

loading area and the outside of the specimen during compressive loading in 

physiological saline. Compression deformation was concentrated at the vicinity of the 

indenter and then transferred to the bottom side of the specimen via liquid flow during 

the tissue deformation. Because the measurement system detects electrical changes 

using an electrode attached at the indenter, the streaming potential was obtained based 

on dynamic changes in the localized stress field.  

The specimens were kept in physiological saline at 37 °C to maintain an 

environment close to the in vivo conditions. However, the specimens were frozen at 

-35 °C before the tests to form the column shape and to preserve the samples. Some 

structural damage such as disconnects in the microscopic fiber structures and 
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disappearance of proteoglycan may have occurred during the swelling process. Such 

changes would have affected the relationships between the stress and strain, as well as 

between the stress and streaming potential, as the overall environment was different 

from the in vivo conditions. The stresses in the disc tissue were highly dependent on the 

liquid phase outflow under this strain condition. If there is a change in stress in the disc 

tissue in actual situations, liquid flow occurs, resulting in changes in the electrical 

potential. Therefore, measurements of changes in the electrical potential offer an avenue 

to investigate the stress and strain of intervertebral discs under in vivo conditions. 

Berkenblit et al. (1994) proposed that techniques for detection of the electrokinetic 

properties were useful for nondestructive measurement of osteoarthritis. Quenneville et 

al. (2004) developed a microelectrode array device for the detection of the streaming 

potential during diagnosis of the state of cartilage. These studies indicated that 

load-bearing tissue such as cartilage and discs could be evaluated using streaming 

potential measurements. 

Although anisotropic properties were evident in AF-A and AF-C, and AF-A and 

AF-R specimens (Fig. 5(a)), the linear relationships between the stress and the 

streaming potential ke showed almost no differences among these specimens under the 

same loading speed, as shown in Fig. 6. Reynaud and Quinn (2006a) investigated the 

hydraulic permeability of the cow’s proximal articular surfaces and found that the 

electrokinetic properties exhibited isotropic phenomena, regardless of the loading 

directions in the anisotropic matrix; therefore, these properties could be regarded as a 

robust indicator for evaluating the clinical conditions of the tissue (Reynaud and Quinn, 

2006b). These findings suggest that the relationship can be used under stress conditions 

as a direct method of measurement without other structural observations involving 
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anisotropy. The ke values were lower in the AF specimens than in the NP specimens, 

which is consistent with the amounts of negatively charged glucosaminoglycan in 

proteoglycan. Urban and Maroudas (1979) and Iatridis et al. (2009) showed that the 

glucosaminoglycan content was higher in the central region, with the highest values 

being observed at the NP of intervertebral discs. The streaming potential depends on the 

movement of positive ions in the fluid flow, and the ke values change with the 

compression speed. In the present study, the values were higher for higher compression 

rates in almost all specimens, except in the NP specimens. The proteoglycan rich tissue 

may exhibit low permeability because the liquid phase is composed of polar molecules 

and therefore has a higher flow resistance through solid matrices with negatively 

charged proteoglycan (Mansour and Mow, 1976). Although the speed of the flow 

increased as the compression rates increased, even in the NP specimens, the friction 

between the liquid and the solid phases also increased, resulting in higher stress 

conditions. Therefore, ke may have smaller values with high stress at the same 

compression rates when compared with the other tissue samples. 

Linear relationships between the stress and electrical potential generated were 

obtained under both the monotonic compression and stress release processes in the 

cyclic loadings. Such a linear relationship has also been observed during measurement 

of cartilage specimens under compression and creep conditions (Chen et al., 1997). The 

compression rate and initial thickness were changed in the uniaxial compression 

experiments. The stress-streaming potential relationships were linear with a constant 

coefficient ke during each loading period, and ke was lower at lower compression rates. 

In the cyclic loading, the linear coefficients ke were very similar, regardless of 

frequency changes. The differences between the monotonic compression and the cyclic 
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loading could be considered as the stress and electrical potential relaxation, which were 

dependent on the deformation speed. The continuous loading and unloading process 

might have prevented sufficient stress and electric relaxation, even under lower loading 

speeds at 0.01 Hz. The stress and electrical potential were almost completely released 

after 35 min of relaxation after compression. This is similar to the results reported in an 

analytical study of stress relaxation under compression of articular cartilage based on 

the triphasic theory (Lai et al., 2000). Therefore, it can be concluded that the streaming 

potential is related to the viscoelastic properties of both the AF and NP tissues in 

triphasic studies. 
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Figure Captions 

 

Fig. 1   Experimental setup for the measurement of streaming potentials under uniaxial 

compression conditions 

 

Fig. 2   Cross sectional image of bovine intervertebral disc, (a) photograph of the 

sample and (b) locations of extraction for the compression specimens in the bovine 

intervertebral disc  

 

Fig. 3   Setup of tissue specimen at the indenter 

 

Fig. 4  Displacement profile of the uniaxial compression test and cyclic compression 

loading 

 

Fig. 5  Results of compression tests in AF specimens under 0.8 mm/min compression 

speed (a) Compressive stress vs. compressive strain diagram (b) Streaming potential vs. 

compressive strain diagram of (c) Relationship between compressive stress and 

streaming potential. 

 

Fig. 6  The linear coefficient ke (mean ± S.D., n=9) in the relationship between 

streaming potential and stress of different parts of intervertebral tissue under uniaxial 

compression, AF-A: anulus fibrosus - axial; AF-C: anulus fibrosus - circumferential; 

AF-R: anulus fibrosus - radial directions; AN: anulus - nucleus transition area; and NP: 

nucleus pulposus area. 
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Fig. 7  Relationship between compressive stress and streaming potential under cyclic 

compression of at 0.01 Hz in an AF-A specimen 

 

Fig. 8  The ke coefficient (mean ± S.D., n=9) in the relationship between streaming 

potential and stress of different parts of intervertebral tissue during cyclic compression 

loading 
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Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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Fig. 8 

 

 

 
 

 


