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Abstract 

The Nucleus Pulposus (NP) and Annulus Fibrous (AF) are two primary regions of the 

intervertebral disc (IVD). The interface between the AF and NP, where the gradual transition 

in structure and type of fibers are observed, is known as the Transition Zone (TZ). Recent 

structural studies have shown that the TZ contains organized fibers that appear to connect the 

NP to the AF. However, the mechanical characteristics of the TZ are yet to be explored. The 

current study aimed to investigate the mechanical properties of the TZ at the anterolateral (AL) 

and posterolateral (PL) regions in both radial and circumferential directions of loading using 

ovine IVDs (N=28). Young’s and toe moduli, maximum stress, failure strain, strain at 

maximum stress, and toughness were calculated mechanical parameters. The findings from this 

study revealed that the mechanical properties of the TZ, including young’s modulus (p = 

0.001), failure strain (p < 0.001), strain at maximum stress (p = 0.002), toughness (p = 0.027), 

and toe modulus (p = 0.005), were significantly lower for the PL compared to the AL region. 

Maximum stress was not significantly different between the PL and AL regions (p = 0.164). 

We found that maximum stress (p = 0.002), failure strain (p < 0.001), and toughness (p = 0.001) 

were significantly different in different loading directions. No significant differences for 

modulus (young’s; p = 0.169 and toe; p = 0.352) and strain at maximum stress (p = 0.727) were 

found between the radial and circumferential loading directions.  
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1. Introduction 

The intervertebral disc (IVD), located between adjacent vertebral bodies in the spine, provides 

flexibility to the spinal column, plays a significant role in spinal motion, and undergoes large 

deformations during daily activities. The Nucleus Pulposus (NP) and Annulus Fibrous (AF) 

are two primary regions of the IVD. The NP, a gel-like material at the center of IVD, is a highly 

hydrated tissue that mainly contains collagen type II and proteoglycan [1, 2]. It is surrounded 

by the AF which consists of concentric annular layers, known as lamellae. Within the AF, 

parallel arrays of collagen type I fibers are organized at alternating angles creating a highly 

packed and well-organized tissue [3]. The AF – NP interface, where a gradual transition from 

collagen type I to type II is observed, is known as the Transition Zone (TZ) [4]. 

Compared to the AF and NP, few studies have attempted to characterize the TZ region in the 

IVD. These studies mainly focused on understanding the structural architecture and biological 

activity of the TZ region and its mechanical properties (including modulus, toughness, 

maximum stress, failure strain, and failure at maximum stress) have not been previously 

explored [5-11]. There has been only one study published on the mechanical integration 

between the NP and surrounding AF using ovine IVDs, indicating that the TZ could support a 

load range of 2 – 11.5 N [5]. In this study, sagittal tissue slabs (vertebra-IVD-vertebra with a 

thickness of IVD central portion and the entire endplate (top 

and bottom) adjacent to the NP was removed. The results from the uniaxial tension tests were 

reported as raw load-displacement curves since accurate measurement of the load-bearing area 

was not possible. Indeed, this study utilized formalin-fixed samples to visualize the TZ fibers' 

deformation in response to tension [5]. Since mechanical properties of the TZ region are not 

known, current computational and tissue-engineered IVD models are less clinically relevant as 

they are unlikely to reflect accurate mechanical integration between the AF and NP. By 

improving our knowledge about the nature of the AF-NP integration, it is possible to explore 
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how the TZ accommodates the NP shape changes during IVD bulging and investigate its 

contribution to the initiation of herniation and IVD failure which is important for clinical 

studies.  

Early IVD studies considered the NP as an isolated entity that was separated from the AF with 

unspecified boundaries. Despite the fact that the NP was contained by the AF, these studies 

concluded that the connection between these regions was formed via randomly organized fibers 

and therefore, there was no significant mechanical interaction between the regions [12, 13]. 

Several studies revealed various structural and biological characteristics of the TZ region by 

investigating its structural architecture using light [5-7] or scanning electron microscopes [8] 

and exploring its metabolic activity [9, 10].  

Attempts to characterize the TZ structural organization using a light microscope revealed a 

criss-cross pattern for the elastic fibers [6, 7]. In addition, the TZ was reported to connect the 

NP to the inner AF via a network of fibers supporting an average uniaxial tensile load of 5.7 N 

[5]. Our recent ultrastructural studies utilized extracellular matrix digestion to visualize the 

organization of elastic fibers at the TZ region and identified a dense and well-organized elastic 

network conferring a significant degree of radial interconnectivity between the AF and NP [8, 

14]. Indeed, parallel elastic fibers in the NP that were running towards the AF merged to form 

an elastic network at the TZ [15]. These structural studies suggested a mechanical role for the 

TZ region through the establishment of a highly integrated fibrous network that spans the NP 

and anchors into the inner AF. Unfortunately, the mechanical properties of the TZ are not fully 

understood and whether this region plays a role in IVD herniation and degeneration is yet to 

be determined. Different parameters including loading conditions (rate, magnitude, direction), 

age, and health situation influence the mechanism and extent of IVD failure. Extensive studies 

have been performed to understand how IVDs fail under different conditions and have 

identified that endplate fracture and AF rupture are two common modes of IVD failure [16-
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23]. A clinical study examined herniated IVDs from 181 patients and observed that endplate 

fracture was twice as likely to occur compared to AF disruption [23]. A biomechanical study 

utilized ovine IVDs to create herniation in vitro and revealed that the exposure of IVD to 

physiological compression combined with lateral bending and flexion led to endplate fracture 

in 76% of specimens and AF failure in 24% of specimens [16]. Endplate fracture was also 

reported in another study that exposed human IVDs to the combination of repetitive complex 

loading (flexion, axial rotation, and compression) for 20,000 cycles [24]. Healthy IVDs have 

been shown to fail in the outer AF when they are exposed to combined flexion and compression 

[17, 18]. Damages to the AF included direct radial, circumferential, and lateral tears as well as 

AF-endplate failure [19-22]. Although these studies have enhanced our knowledge about IVD 

failure under various conditions, how the TZ region may contribute to the IVD failure has 

remained unclear. 

During IVD aging and degeneration the TZ region is extremely difficult to define. Studies have 

shown that the NP becomes fibrotic and less distinct from the AF region which is related to the 

loss of water. Accordingly, clefts are developed at the AF and NP junction (TZ region) to 

separate the NP from the AF. This gradual degeneration process turns the NP into a solid and 

dry mass and reduces its ability to redistribute and transmit intradiscal load which significantly 

weakens the overall IVD strength [25-28]. This observation may indicate the impact of the TZ 

on the microstructural integrity of the IVD.  

Apart from the impact of the TZ region on the structural integrity of the IVD and the associated 

mechanical changes during aging and degeneration, biological studies have identified the TZ 

region of maximum metabolic activity using animal (porcine and rabbit) IVD models [29-32]. 

The TZ region likely represents the growth plate of the NP [3, 33]. In addition, it was observed 

that cell morphology and mechanics are significantly different for the TZ compared to the NP 

region. The NP cells were approximately 3 times stiffer and significantly more viscous than 
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the cells in the TZ [11]. These observations may be related to the cytoskeletal architecture of 

the TZ cells and the mechanical properties and structural hierarchy of the TZ tissue, indicating 

its likely role in the developmental biology and degeneration of IVD. 

Motivated by emerging information of the biological role of the TZ region and its plausible 

impact on the structural integrity between the AF and NP, the current study aimed to explore 

the mechanical properties of the TZ at the anterolateral (AL) and posterolateral (PL) regions in 

both radial and circumferential directions of loading using ovine IVDs. We hypothesized that 

the TZ mechanical strength is lower at the PL, compared to the AL region, and the TZ region 

exhibits different mechanical strength in the radial compared to the circumferential directions 

of loading. Both hypotheses were proposed based on our previously published structural study 

where we found an orthotropic structure for the TZ elastic network and, in addition, the 

thickness of the elastic fibers in the PL region were smaller (< 200 nm) compared to those that 

 [8]. From a clinical point of view, the NP is a 

heterogeneous structure and is loaded in multi directions when the IVD is exposed to different 

types of loading; hence, it is likely that the TZ region is loaded in both radial and 

circumferential directions. Therefore, it is important to identify the mechanical properties of 

the TZ region in both directions. 

2. Materials and Method 

2.1.Assistive devices for sample preparation: 

Two assistive custom-made devices including a double-blade cutter and paper-based labeler 

were prepared to facilitate sample preparation. The custom-made double-blade cutting device 

was made by placing two plexiglass cuboids (L = 5 × W = 5 × t = 5 mm) between two feather 

trimming blades (No 260 L, Feather safety razor Co. Ltd, Japan). Trimming blades were 5 mm 

apart and therefore allowed us to dissect tissue blocks with 5 mm width. The plexiglass cuboids 
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were prepared using a laser cutter (Epilog Fusion M2, Alfexlaser). The same strategy was 

recruited using 1 mm thick plexiglass cuboids to develop a double-blade cutting device to 

prepare samples with 1 mm thick.  Photo paper strips (Kodak 180 mg; L = 15 mm × W = 5 

mm) were used to prepare the paper-based labeling device. Two rectangles (L = 3 mm × W = 

4 mm) with a 1 mm distance apart were cut from the stips using a laser cutter. Moving the 

labeling device over the surface of each sample, under microscopic observation, enabled us to 

identify the region of interest for mechanical testing. 

2.2.Sample preparation 

Fresh frozen ovine spines (N = 28) were obtained from a local abattoir and L4/5 IVDs, 

dissected from the vertebrae, were used for sample preparation (Fig 1a). IVDs were then 

randomly categorized into four different groups (Figs 1b, 1c) of AL-radial, AL-circumferential, 

PL-radial, and PL-circumferential (N = 7 IVDs in each group). While frozen, blocks of IVD 

tissue were cut from the AL and PL regions of the IVD in both radial and circumferential 

directions, as denoted by red (radial) and black (circumferential) rectangles in Fig 1d using the 

custom-made double-blade cutting device. The circumferential tissue blocks, from the AL and 

PL regions, were dissected from adjacent to the last layer of the inner AF using a 

stereomicroscope (RL-M3, China). In our previously published study, a 5 mm distance from 

the last layer of the inner AF towards the NP was considered to represent the state of the TZ 

[8]. Within this region, we found a different structural organization for the TZ elastic fibers 

compared to the rest of the NP [15]. Therefore, the width of the tissue blocks was set to 5 mm 

to ensure that the TZ region was selected and the effect of the AF lamellae and NP on sample 

preparation was minimal. Tissue blocks were then attached on the top of a plexiglass sheet 

using cyanoacrylate adhesive and placed in the freezer (-

thickness were then sliced (transversely) from the middle of the frozen tissue blocks (Figure 

1e) using the double-blade cutting device (1 mm distance between blades). The average width 
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10 -15 mm). The length of the samples was not accurately measured since the effective area to 

calculate mechanical parameters was determined by the width and thickness of the samples. 
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Figure 1- Sample preparation. (a) Dissected L4/5 IVDs were used for sample preparation and 

(b, c) based on the region of interest and load direction were categorized into four different 

groups of AL-radial, AL-circumferential, PL-radial, and PL-circumferential (N = 7 IVDs in 

each group). (d) Blocks of IVD tissue (average width = 5.3 ± 0.5 and thickness = 1.2 ± 0.3 mm) 

were cut from the AL and PL regions of the IVD in both radial and circumferential directions, 

as denoted by red (radial) and black (circumferential) rectangles. (e) Samples with 1mm 

thickness were then sliced from the block tissues. (f) A distance of 3 mm from the last layer of 

the inner AF towards the NP was considered as the region of interest (TZ) for mechanical 

testing. (g) Adjacent to the 3 mm gap distance, a region with 1 mm length was identified and 

sandpaper was attached to each edge (above and below) using cyanoacrylate adhesive. 

2.3. Sample preparation for mechanical testing 

Sample preparation for mechanical testing was performed under a microscopic observation 

(RL-M3T stereo microscope, China) using the same methodology that was developed for the 

measurement of the mechanical properties of the interlamellar matrix in the AF [34, 35]. A 

distance of 3 mm from the last layer of the AF towards the NP (Fig 1e) was considered as the 

region of interest (TZ) to prepare samples for mechanical testing. Adjacent to the 3 mm gap, a 

region with 1 mm length was identified as accurately as possible using the assistive paper-

based labeling device (Fig 1f). Under microscopic observation, the assistive device was moved 

over the surface of each sample and a permanent marker was used to fill two rectangles (L = 3 

mm × W = 4 mm) to identify the region of interest. Sandpaper (400 grit) was attached to the 

edge (above and below) of the filled-by-marker regions using cyanoacrylate adhesive (Fig 1g). 

This strategy for sample preparation was consistent among all samples.  It is important to note 

that although extra care was paid to cut circumferential samples close to the last layer of the 

inner AF, due to the IVD curvature some AF layers were still partially present at both edges of 
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the samples (Fig 1f). Considering a 3 mm distance from the last AF layer allowed us to select 

the region of interest from where the AF layers were not observed. 

2.4. Mechanical testing 

All samples (4 groups AL-radial, AL-circumferential, PL-radial, and PL-circumferential; N = 

7 samples in each group) were initially equilibrated in 0.15M phosphate buffer saline (PBS) at 

room temperature for 5 min. A 5 min swelling protocol was chosen to minimize potential NP 

materials (i.e. glycosaminoglycans) leaching with time, and therefore the impact of free 

swelling on the NP material properties was negligible [36]. Each sample was subjected to 

failure mechanical tests (radial and circumferential) using an Electroforce testing machine 

(Biodynamic 5100, load cell capacity = 22 N (1% full-scale accuracy), TA Instruments, USA) 

at a displacement rate of 0.1 mm.s-1 (strain rate= 10%s-1). In our previously published study, 

we used reported human IVD deformation and pressure data and identified that the relevant 

physiological strain rate in the radial direction was approximately 7%s-1 [34, 37-41]. 

Considering the limitation of the Electroforce testing machine (displacement limits = ± 6.5 

mm), our preliminary results showed that the TZ failure was unlikely to occur at lower strain 

rates (< 7%s-1). On the other hand, in our previously published study, we observed that the ILM 

failed under 10%s-1 strain rate [33]; hence, we chose a strain rate of 10%s-1 to perform 

mechanical testing in the current study where the TZ failure was most likely to occur. In 

addition, this strategy may help to understand the mechanical behavior of the TZ region under 

injury conditions, since the TZ was exposed to a higher than physiological strain rate. 

2.5.Data and statistical analysis 

Engineering stress-strain curves were used to characterize the mechanical properties of the TZ 

region. Outcome measures (Fig 2) of young’s and toe moduli, maximum stress, failure strain, 

and toughness were calculated using Matlab (R2021a, The Mathworks Inc.). Maximum stress 
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was defined as the peak stress that was recorded during the test and failure strain was 

considered as the maximum strain that the sample experienced before being fully disintegrated. 

Modulus was calculated as the slope of the best-fit line to the stress-strain curve with toe 

modulus representing the initial region of the failure test. The moving cell linear regression 

method was used to determine the most linear region and calculate young’s and toe moduli. 

Both moduli were defined by the regression line with the largest coefficient of determination 

(r2), while the regression commenced at zero strain and 70% of maximum stress for toe and 

young’s modulus, respectively [42-44]. Within the toe region, fibrous elements of the tissue 

were most likely to be uncoiled while young’s modulus represented the region where the 

majority of fibers in the TZ region were fully recruited. Toughness was the area under the 

stress-strain curve.  

  

Figure 2 – Identification of mechanical parameters that were calculated to characterize the TZ 

region of the IVD. Stress-strain curve for a sample that was harvested from the PL region of 

the IVD and mechanically tested in the circumferential direction. 



12 
 

For statistical analysis, all data were first assessed for normality using Kolmogorov-Smirnov 

and Shapiro-Wilk test. To identify the statistical differences for the mechanical parameters 

between regions and load directions, separate two-way ANOVA and Mann-Whitney U tests 

were conducted for normally and non-normally distributed data, respectively.  Statistical power 

analysis, with alpha = 0.05 and sample size = 7, was performed to determine the sample size 

effect. 

3. Results 

The results of the Shapiro-Wilk test revealed that the data for young’s modulus (p = 0.064), 

failure strain (p = 0.168), and strain at maximum stress (p = 0.212) were normally distributed 

toughness (p = 0.019), and 

 Engineering stress-strain 

curves were prepared for all sample groups (Supplementary file) and were used to calculate the 

mechanical properties of the TZ region. Typical TZ stress-strain curves for four sample groups 

(Figure 3) revealed a small toe region followed by a rapid increase to maximum stress. 

Moreover, an irregular decay in stress to eventual failure was observed for all samples.   
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Figure 3- Example TZ stress-strain curves for all four sample groups including samples that 

were harvested from the anterolateral (AL) and posterolateral (PL) regions and were tested in 

radial and circumferential directions.   

Statistical analysis for the calculated mechanical properties, including young’s modulus, failure 

strain, strain at maximum stress, maximum stress, toughness, and toe modulus are described as 

follows: 

3.1. Young’s modulus 

The mean (± 95% CI) TZ young’s moduli were 0.30 (± 0.08) and 0.31 (± 0.16) kPa for the AL 

region in radial and circumferential directions, respectively (Supplementary file). The mean (± 

%95 CI) TZ young’s moduli for the PL region were 0.22 (± 0.10) and 0.09 (± 0.05) kPa in 

radial and circumferential directions, respectively (Fig 4a).  
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Figure 4 – (a) Comparison of the mean (± 95% CI) young’s modulus for anterolateral (AL) 

and posterolateral (PL) regions in radial and circumferential loading directions and summary 

of ANOVA results for (b) region, (c) load direction and (d) region × load direction interaction.  

The overall effect of region for young’s modulus was significant (p = 0.001). It was observed 

that young’s modulus of the PL region was significantly lower than the AL region. However, 

there was no significant difference in young’s modulus for the radial compared to the 

circumferential loading direction (p = 0.169) and for the region×load direction interaction (p = 

0.1192) (Figs 4b – 4d).  
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3.2. Failure strain 

The mean (± 95% CI) TZ failure strains were 4646.3 (± 619.7) and 3590.7 (± 393.9) mm/mm 

in the radial direction of loading for the AL and PL regions, respectively (Supplementary file). 

It was found that the mean (± 95% CI) TZ failure strains were 3465 (± 501.7) and 2783.6 (± 

250.4) mm/mm in the circumferential direction of loading for the AL and PL region, 

respectively (Fig 5a). The overall effects of region and load direction were significant (p < 

0.001), indicating that the TZ failure strain was significantly smaller for the PL compared to 

the AL region and in the circumferential compared to the radial direction of loading. 

Nevertheless, the overall effect of region × load direction interaction (p = 0.292) was not 

significant (Figs 5b – 5d).  
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Figure 5 – (a) Comparison of the mean (± 95% CI) failure strain for anterolateral (AL) and 

posterolateral (PL) regions in radial and circumferential loading directions and summary of 

ANOVA results for (b) region, (c) load direction and (d) region × load direction interaction.  

3.3. Strain at maximum stress 

The mean (± 95% CI) TZ strains at maximum stress were 641.8 (± 103.4) and 689.3 (± 99.4) 

mm/mm in the radial direction of loading for the AL and PL regions, respectively 

(Supplementary file). It was found that the mean (± 95% CI) TZ strains at maximum stress 

were 502.7 (± 201.8) and 799.1 (± 90.7) mm/mm in the circumferential direction of loading 

for the AL and PL region, respectively (Fig 5a). There was a statistically significant interaction 
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between the effect of load direction and region on strain at maximum stress for the TZ region 

(p = 0.020). Simple main effect analysis showed that the effect of the region was significant (p 

= 0.002) and a lower strain at maximum stress was observed for the AL compared to the PL 

region (p = 0.002); however, there were no significant differences between different load 

directions (p = 0.772).   

 

Figure 6 – (a) Comparison of the mean (± 95% CI) strain at maximum stress for anterolateral 

(AL) and posterolateral (PL) regions in radial and circumferential loading directions and 

summary of ANOVA results for (b) region, (c) load direction and (d) region × load direction 

interaction.  
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As explained before, the data for maximum stress, toughness, and toe modulus were not 

normally distributed; hence, the Mann-Whitney U test was used to identify significant 

differences. 

3.4. Maximum stress 

The mean (± 95% CI) TZ maximum stresses were 90.2 (± 21.3) and 66.4 (± 14.7) kPa for the 

AL and PL region, respectively (Supplementary file). It was also observed that the mean (± 

%95 CI) TZ maximum stresses in the radial and circumferential directions of loading were 96.8 

(± 19.4) and 59.8 (± 13.2) kPa, respectively (Figs 7a and 7b). According to the Mann-Whitney 

test, there was no significant difference for the Mean Rank between the AL (16.7) and PL 

(12.3) regions (p = 0.164). However, the Mean Rank between the radial (19.2) and 

circumferential (9.8) direction of loading was significantly different, indicating that the 

maximum stress was significantly lower in the circumferential compared to the radial direction 

of loading (p = 0.002). The scatter plots for the maximum stress by region and load direction 

can be found in the supplementary file. 
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Figure 7 – Comparison of the mean (±95% CI) maximum stress for the (a) anterolateral (AL) 

and posterolateral (PL) regions and (b) in the radial and circumferential loading directions.  

3.5. Toughness 

The mean (± 95% CI) TZ toughnesses were 183208.2 (± 51400) and 107082.7 (± 33200) kJ.m-

3 for the AL and PL regions, respectively (Supplementary file). Moreover, the mean (± %95 

CI) TZ toughnesses in the radial and circumferential directions of loading were 196914 (± 

48400) and 93376.9 (± 52900) kPa, respectively (Figs 8a and 8b). We observed a significantly 

higher (p = 0.027) Mean Rank for toughness in the AL (17.9) compared to the PL (11.1) region, 

and in the radial (19.4) compared to the circumferential (9.6) loading direction (p = 0.001). The 

scatter plots for the toughness by region and load direction can be found in the supplementary 

file. 

 

Figure 8 – Comparison of the mean (± 95% CI) toughness for (a) the anterolateral (AL) and 

posterolateral (PL) regions and (b) in the radial and circumferential loading directions.  

3.6. Toe modulus 
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The mean (± 95% CI) TZ toe moduli were 0.09 (± 0.02) and 0.05 (± 0.01) kPa for the AL and 

PL regions, respectively (Supplementary file). The mean (± %95 CI) toe moduli for the TZ 

region were 0.08 (± 0.02) and 0.06 (± 0.02) kPa in the radial and circumferential loading 

directions, respectively (Figs 9a and 9b). We identified a significantly higher (p = 0.005) Mean 

Rank for toe modulus for the AL (18.7) compared to the PL (10.2) region. However, the Mean 

Rank for the toe modulus was not significantly different in the radial (15.9) compared to the 

circumferential (13.1) loading direction (p = 0.352). The scatter plots for the toe modulus by 

region and load direction can be found in the supplementary file. 

 

Figure 9 – Comparison of the mean (± 95% CI) toe modulus for (a) the anterolateral (AL) and 

posterolateral (PL) regions and (b) in the radial and circumferential loading directions.  

A summary of the statistical analyses for the overall effects of the regions (AL vs. PL) and 

loading directions (radial vs. circumferential) is presented in Table 1.  

Table 1- Summary of statistical analyses for calculated mechanical properties indicating the 

overall effects of the regions (AL vs. PL) and loading directions (radial vs. circumferential) 

Mechanical Properties Region Load direction Interaction 
Two–way ANOVA test 
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Young’s Modulus (kPa) *(p = 0.001) NSD (p= 0.169) NSD (p= 0.11) 
Failure Strain (mm/mm) * (p < 0.001) *(p < 0.001) NSD (p= 0.292) 
Strain at max stress (mm/mm) *(p = 0.002) NSD (p= 0.727) *(p = 0.02) 

Mann-Whitney U test 
Mechanical Properties Region Load direction 
Maximum Stress (kPa) NSD (p= 0.164) *(p = 0.002) 
Toughness (kJ. m-3) *(p = 0.027) *(p = 0.001) 
Toe Modulus (kPa) *(p = 0.005) NSD (p= 0.352) 

*  significantly different    NSD = no significant difference  
 

A summary of observed power (R2) to identify the effect of sample size, where significant 

differences for mechanical parameters were found (Table 1), is presented in Table 2. 

Table 2- Summary of observed power (R2) for calculated mechanical properties.  

Mechanical properties R2 (Region) R2 (Loading Direction) 
Young’s Modulus (kPa) 0.994 NSD 
Failure Strain (mm/mm) 0.998 0.999 
Strain at max stress (mm/mm) 0.867 NSD 
Maximum Stress (kPa) NSD 0.875 
Toughness (kJ. m-3) 0.696 0.844 
Toe Modulus (kPa) 0.853 NSD 

 

As shown in Table 2, the observed power to identify the effect of sample size for young’s 

modulus, failure strain, strain at maximum stress, and toe modulus between the AL and PL 

regions were 0.994, 0.998, 0.867, and 0.853, respectively. Moreover, the observed power to 

evaluate the effect of sample size for maximum stress, failure strain, and toughness between 

loading directions were 0.875, 0.999, and 0.844, respectively. The use of 7 samples in each 

group sample was adequate to ensure true differences would be found for the above-mentioned 

mechanical parameters. However, the observed power to recognize the effect of sample size 

for toughness between the AL and PL regions was 0.696 (Table 2). Although the Mann-

Whitney results showed that the Means Rank for toughness (p = 0.027) was significantly 

different between the regions, the associated effect size was modest and the current sample size 

might not be sufficient to identify the true differences. The results of the current study revealed 
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that the region by itself accounted for only 21.7% (partial Eta squared; 2 = 0.217) of the overall 

(effect + error) variance.  

4. Discussion 

The current study aimed to mechanically characterize the TZ region of the IVD during failure 

mechanical testing. Different mechanical parameters including young’s modulus, maximum 

stress, failure strain, toughness, and toe modulus were calculated for the AL and PL regions of 

the IVD in both radial and circumferential load directions. The first challenge in the current 

study was to define an exact boundary between the NP and the inner layers of the AF. To tackle 

this challenge, sample preparation for mechanical tests was performed under a microscope and 

a 3 mm gap was considered between the last layer of the inner AF and the region of interest 

(Fig 1f). This strategy for sample preparation was consistent among all samples. Calculating 

strain using gripper-to-gripper distance, instead of utilizing a non-contact method, presented a 

limitation, however since there was no evidence of sample slippage, the measured strain was 

representative of global tissue strain. In addition, the use of ovine IVD may impose another 

limitation as human models are more clinically relevant. However, different studies have 

supported the use of an ovine model based on its structural and biochemical similarities to the 

human IVD [45-51].  Unfortunately, it was not possible to use human IVD in the current study 

fibrotic NP with clefts, which are often observed in different regions, making sample 

preparation difficult. The current research can be used as a pilot study to identify the 

mechanical characteristics of the TZ region using healthy human IVDs. It is also important to 

pay attention to the effect of sample size when interpreting the results of the current study. Our 

previous studies to characterize the structure and mechanical properties of the AF lamellae and 

interlamellar matrix (ILM) have recruited 6 to 10 samples where 

0.9 [35, 52]. The use of 7 samples in each group sample (28 samples in total) was adequate to 
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ensure true differences would be found.  However, it was found that although toughness (p = 

0.027) was significantly different between the AL and PL region, the effect sizes were modest 

(power < 0.7).  The partial Eta squared for toughness was 0.217. This indicated that the region 

by itself accounted for only 21.7% of the overall (effect + error) variances for toughness, and 

therefore, a bigger sample size was required to identify the true differences for this parameter 

between the regions.  

The findings from this study confirmed our first hypothesis that the mechanical properties of 

the TZ region were significantly lower for the PL compared to the AL region, except for the 

maximum stress (Table 1). Our second hypothesis was also partially valid, as maximum stress 

(p = 0.002), failure strain (p < 0.001), and toughness (p = 0.001) were significantly different 

for different loading directions (Table 1). No significant differences for modulus (young’s; p = 

0.264 and toe; p = 0.352) and strain at maximum stress (p = 0.819) were found between the 

radial and circumferential load direction (Table 1). The observation of lower mechanical 

properties for the TZ region of the IVD was consistent with other studies that have reported the 

occurrence of herniation posterolaterally [20, 23, 53-55]. The observation of a higher modulus 

for the AL compared to the PL region of the TZ indicated a greater tissue elasticity for the AL 

region. This was consistent with other studies that have identified similar results for the AF 

based on the density and organization of collagen fibers in the lamellae and stronger endplate-

to-endplate connectivity [56-62]. For the TZ region, the current observation was supported by 

our previous findings which indicated that the elastic network in the PL region of the TZ was 

more delicate compared to the AL region [8]. Compared to the PL region, the elastic network 

200 nm) elastic fibers. With the same ultrastructural organization, the thickness of the elastic 

fibers in the PL region was smaller (< 100 nm) compared to those that were located in the AL 

region [8]. These structural differences may explain the significant differences that were 
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observed for the toe and young’s moduli between the AL and PL region of the TZ. Toe region 

modulus refers to the initial elasticity of crimped collagen fibers and elastic network as well as 

their interaction at low stretch magnitudes, which is dominated by IVD hydration, age, and 

degeneration state [63-65]. This suggests that mechanical properties of the toe region are likely 

to be important for the investigation of mechanobiological events (i.e. cell-tissue interaction) 

that occur at low stretch magnitudes [66, 67]. When the IVD tissue is exposed to high stretch 

magnitudes (such as during progression to herniation), large displacement of the NP material 

is likely to happen affecting the young’s modulus region [54, 68]. 

Based on the structural differences (i.e. orientation and thickness) of the elastic network in the 

AL and PL regions, extensible elastic fibers are likely to assist TZ tissues in returning to their 

original shape after deformation. While collagen fibers are known to control the overall 

stiffness of IVD tissues, parallel alignment and cross-connectivity between collagen bundles 

and the elastic network in the TZ play an important role in the structural integrity of the IVD 

tissue, to further control tissue deformation and affect the overall mechanical properties [69-

71].  

The current study was the first of its kind to characterize the mechanical properties of the TZ 

and therefore it was not possible to fully compare the results with other studies. One structural 

study reported TZ, with full IVD thickness, could support an overall load of 5.7 N (range 2- 

11.5 N) [5]. The mean (± 95% CI) TZ maximum loads measured in the current study were 0.54 

(± 0.2), 0.37 (± 0.2), 0.43 (± 0.1), and 0.23 (± 0.1) N for AL-radial, AL-circumferential, PL-

radial, and PL-circumferential samples, respectively (Fig 5a). Considering different 

thicknesses between our sample (

thickness), the load magnitudes in our study were approximately 10-fold smaller compared to 

previously reported values. In addition, a “J” form load-extension curve up to peak load was 

reported in the previous study [5]. Consistent with that, our current investigation found stress-
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strain curves with similar patterns for all group samples (Supplementary file). The observation 

of an irregular decay in stress to eventual failure for all sample groups was more likely relevant 

to the sub-failure of the TZ fibrous network before final failure.  

Compared to our previous study that investigated the mechanical properties of the AF 

interlamellar matrix (ILM) in ovine IVDs, we found lower maximum stress for the TZ 

compared to the ILM [34]. The total mean (± 95% CI) maximum stresses for the TZ were 90.2 

(± 21.3) and 66.45 (± 14.7) kPa for the AL and PL regions, while our previous studies revealed 

maximum stresses of 190.4 (± 78.3) and 155.9 (3± 9.1) kPa for the ILM at the anterior and PL 

regions, respectively. The total mean (± 95% CI) maximum stress for the AF lamella was 

previously reported as 249.4 (± 28.4) kPa, which was higher than that of the TZ [20, 60, 72, 

73]. Compared to other studies that have reported the mechanical properties of single lamellae 

within the AF and NP, we found lower mechanical properties for the TZ region. The effective 

aggregate (confined compression) and complex (shear) moduli of non-degenerated human NP 

were reported as 1 MPa and 7- 21 kPa, respectively [2, 74]. The toe and linear moduli for the 

human NP, extracted from the linear region of the stress-strain curve under unconfined 

compression, were reported as 3.2 ± 1.6 and 5.4 ± 2.6 kPa, respectively [75]. Using bovine 

IVDs, Recuerda et al. reported young’s modulus (unconfined compression) of 190 ± 170 kPa 

for the NP [76]. The NP storage and loss moduli were reported as 64 ± 28 and 24 ± 11 kPa for 

ovine IVDs, respectively [77]. In addition, the average young’s modulus for human AF single 

lamella was reported to be 45 ± 39 and 17 ± 6 MPa in the radial and circumferential directions 

of loading, respectively [56, 57, 63, 65, 73, 78-82]. The average tensile modulus for ovine, 

bovine, and porcine single lamella was reported as 0.47 ± 0.2, 1.9 ± 0.6, and 0.9 ± 0.3 MPa, 

respectively [83]. The young’s modulus of the TZ in the current study was 0.31 (± 0.16) kPa 

which was significantly lower than the AF single lamella values (0.47 ± 0.2 MPa). The 

observation of lower mechanical properties for the TZ compared to the AF is likely relevant to 
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the structural parameters of the IVD fibrous components. The AF lamella consists of dense and 

highly packed collagen fibers that are intertwined with a well-organized network of elastic 

fibers. In contrast, the density of collagen and the thickness of elastic fibers in the TZ and NP 

are lower than in the AF [8, 48]. Other factors could be collagen inter-bundle connectivity, 

deformation, and mobility [71, 84], the nature of endplate-fibrous constituent assembly [62], 

and regional collagen fiber orientations that affect the IVD regional mechanical properties [85, 

86]. A higher density of inter-bundle connectivity along with the presence of elastin cross-

bridges within the AF may affect the regional tissue mobility and stiffness.      

Detailed mechanical characterization of the TZ region in the IVD provides crucial information 

about the nature of the NP-AF integration, which has not been fully explored in the literature. 

Accordingly, due to the lack of relevant information, the mechanical characteristics of the TZ 

region have been rarely used in the development of IVD computational models and current 

IVD constitutive models have applied similar material properties to both the NP and the TZ 

[87-90]. In addition, integration and material properties gradient between the NP and AF are 

frequently ignored in the fabrication of tissue-engineered IVD scaffolds due to the lack of 

specific knowledge for the TZ zone [66, 91]. Therefore, the results of the current study may be 

used to develop more accurate IVD computational and realistic tissue-engineered models.    

5. conclusion 

The IVD structural integrity affects the mechanical properties; hence impacting IVD function. 

Indeed, microstructural damage, including the disruption of the AF lamellae and loss of 

connectivity between the IVD components, can affect IVD function. Of particular interest, the 

mechanical characterization of the TZ provides important information about how the AF and 

NP are connected. It is thought that the TZ region can tune the NP mobility during bulging 

which prevents proteoglycans from leaking out through the AF and therefore maintains the NP 
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hydration which is associated with the normal IVD function [5]. The current study identified 

the mechanical contribution of the TZ to the structural integrity of the IVD and provided 

fundamental information on the nature of NP-AF integration. The findings from this study 

revealed that the mechanical properties of the TZ region, including young’s and toe moduli, 

maximum stress, failure strain, and toughness, were significantly lower for the PL compared 

to the AL region.  
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