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The intervertebral disc (IVD) is a complex structure, and recent evidence suggests that
separations or delamination between layers of the annulus may contribute to degeneration
development, a common cause of low back pain The purpose of the present experiment was
to quantify the mechanical response of the layer-adjoining interlamellar matrix at different rates
of separation. Understanding the rate-dependency of the interlamellar matrix, or the adhesion
between adjacent layers of the disc, is important as the spine experiences various loading
velocities during activities of daily living. Twelve discs were dissected from four bovine tails
(three extracts per tail). Twomulti-layered annulus samples were collected from each IVD (total
= 24,mean bondwidth = 3.82 ± 0.96mm) and randomly assigned to a 180° peel test at one of
three delamination rates; 0.05mm/s, 0.5mm/s, or 5mm/s. Annulus extracts were found to
have similar maximal adhesion strengths (p = 0.39) and stiffness (p = 0.97) across all rate
conditions. However, a significant difference in lamellar adhesion strength variability was
observed between the 5mm/s condition (0.96 N/mm ± 0.31) when compared to the 0.5mm/
s (0.50N/mm ± 0.19) and 0.05mm/s (0.37 N/mm ± 0.13) conditions (p < 0.05). Increased
variability may be indicative of non-uniform strength due to inconsistent adhesion throughout
the interlamellarmatrix, which is exacerbated by increased rates of loading. The observed non-
uniform strength could possibly lead to a scenario more favourable to the development of
microtrauma, and eventual delamination.

Keywords: annulus fibrosus, interlamellar matrix, viscoelasticity, peel strength, peel strength variability,
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INTRODUCTION

Low back pain is the leading cause of disability worldwide (Vos et al., 2015; Vos et al., 2017). The
origin of intervertebral disc (IVD) related back pain is largely unknown, but research suggests that
separations of annular layers (delamination) marks a significant biomechanical compromise of the
annulus fibrosus’ (AF) structure (Iatridis and Ap Gwynn, 2004; Gregory et al., 2014; Tavakoli et al.,
2018). The majority of the adhesive interlamellar matrix (ILM) bonding adjacent lamellae is
composed of type VI collagen, proteoglycans, water, and elastic fibres (Melrose et al., 2008;
Tavakoli et al., 2016). Collagen fibres provide strength to the ILM to hold adjacent lamella
together, a role shared by the elastic fibres which also contribute an elastic behaviour to this
matrix (Melrose et al., 2008; Tavakoli et al., 2016). These elastic fibres have been reported to span the
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ILM space, lending radial support across adjacent layers
(Schollum et al., 2009; Schollum et al., 2018), creating the
trans-lamellar bridging network (TBLN) which acts to
transmit forces radially through the AF (Schollum et al., 2008;
Yu et al., 2015). The proteoglycans within the ILMmay provide a
role in force-dispersion through mechanisms of slippage between
adjacent fibrils (Cribb and Scott, 1995). The ILM’s composition of
elastic fibres and proteoglycans imparts this structure with
viscoelastic mechanical properties (Cohen et al., 1976; Tavakoli
and Costi, 2018a; Tavakoli and Costi, 2018b). The interaction
between the ILM and the lamellae of the AF have been shown to
contribute to the tensile capacity to the AF, as demonstrated
through previous shear strain research on these structures (Fujita
et al., 2000).

As such, it appears plausible that the ILM’s material behaviour
will differ according to the rate at which it undergoes stress,
suggesting that the mechanical characteristics of delamination
may not be a uniform process across different velocities of loading
(Tavakoli and Costi, 2018b). Due to the high variability of daily
movement, the ILM is subsequently subject to loading at different
rates. Increased variability in lamellar adhesion strength may
represent a greater probability that a mismatch between the load
applied to the ILM, and the ability for the ILM to bear said load,
will occur across a given region of the AF resulting in
delamination. Delamination of the AF involves separation of
lamellae, which can result in decreased strength of this structure
(Gregory et al., 2014). Previous work considering the effect of rate
dependent properties of the AF have acknowledged a viscoelastic
behaviour under shear testing, however, these observations were
not able to isolate the ILM or its adhesive properties, especially
under failure testing (Iatridis et al., 1999). Additionally, the effect
of delamination rate on adhesion strength variability has not been
previously reported. Interestingly, defects in adhesion of various
non-biological composites have been shown to result in
variability in the adhesion strength (Rodríguez-Ramos et al.,
2013). Similarly, a weakened and/or compromised AF may
also increase the variability of adhesion strength which could
in turn increase the possibility of circumferential tearing that can
lead to IVD herniation, spinal nerve root compression, and a
significant state of degeneration and pain in the spine (Iyer and
Kim, 2016; Calvo-Echenique et al., 2018).

There is a paucity of research describing the rate-dependent
mechanical behaviour of the ILM during delamination.
Therefore, the purpose of the present experiment was to
examine the mechanical response of AF tissue extracts to
different rates of experimental delamination. Due to the
viscoelastic components of the ILM, it was hypothesized that
increasing rates of delamination would result in greater measures
of lamellar adhesion strength, lamellar adhesion strength
variability, and lamellar adhesion stiffness in AF extracts.

METHODOLOGY

Specimens
Twelve intervertebral discs (IVDs) were obtained from the tails of 4
skeletally mature bovine spines. The spines were obtained from a

common source which allowed for control over variables such as
physical activity levels, diet, and age (approximately 18months).
Specimens were stored at −20° until testing. Prior to testing, each
sample was removed from the freezer and thawed at room
temperature for 16 h. The bovine tail typically has a substantial
amount of muscle tissue and as a result, 16 h was needed to fully
thaw the discs under the muscle. Attempts with shorter thawing
periods resulted in frozen regions of the disc at the time of dissection.
Two multilayer samples were removed from the lateral portion of
each IVD (n = 24), and each of these multilayer samples was
manually delaminated with a scalpel. The separation of two
central, adjacent layers, created T-shaped tabs (approximately
1 cm in length), with their conjoining ILM (approximately 4 cm
in length) isolated between them (Figure 1A). Each sample’s bond
width was measured with digital calipers (average bond width 3.82 ±
0.97mm). This process involved taking four measurements along
the juncture where the 1 cm tabs met and the mean of these four
measurements indicated sample bond width. During dissection,
samples were kept moist with phosphate buffered saline (PBS).

Testing Protocol
The multilayer tissue samples were mounted into a tensile testing
system (UStretch, Cellscale, Waterloo, ON, Canada) via the
manually created tabs in order to conduct a lamellar adhesion
test with a 180o lamellar adhesion-test configuration (Gregory
et al., 2012); Figure 1B. Just prior to testing, samples were misted
with PBS. The samples were randomly separated into three
delamination rate groups (n = 8 per group); 0.05 mm/s (slow),
0.5 mm/s (medium), 5 mm/s (fast). Force and displacement data
were sampled at 30Hz during each lamellar adhesion test and
force measures were normalized by dividing by tissue bond width.

Analysis Protocol
The variables of interest from the normalized adhesion strength-
displacement curves (Figure 2) were as follows: (A) average lamellar
adhesion strength (N/mm): this was calculated as the average
strength (N/mm) over the plateau region of force displacement
curves, divided by tissue bond-width (mm); (B) lamellar adhesion
strength variability (N/mm); this was calculated as the standard
deviation of lamellar adhesion strength across the plateau region; (C)
lamellar adhesion stiffness (N/mm2): this was calculated as the slope
of the linear region of the lamellar adhesion strength-displacement
curve (R2 > 0.95). The plateau region was defined as the region on
the normalized adhesion strength-displacement curves following the
first point of inflection where the average strength value remained
relatively stable.

Histology
Two additional unloaded bovine annulus samples were dissected
and fixed in 10% formalin for 48 h prior to histological processing at
the Ontario Veterinary College (University of Guelph, Guelph,
Canada). The IVD was removed from the sample by cutting
along the endplate on both the inferior and superior faces. In
order to fit into the histology cassettes, discs were then cut in
half along the sagittal plane yielding a left and right side of the
disc. Half discs were then placed in the cassettes such that sections
were cut in the axial plane in order to image the layers radially from
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the inner AF to the outer AF. Samples were then embedded in
paraffin and sectioned and stained with Safranin O/ Fast Green
Stain. Slides were imaged with an Axiolab microscope (Zeiss, Jena,
Germany); bright field, non-polarizing; at ×10 magnification.

Statistical Analysis
A one-way analysis of variance (ANOVA)was performed on the data
to determine if there was a statistical difference in lamellar adhesion
strength, lamellar adhesion strength variability, or lamellar adhesion
stiffness, based upon the rate at which the lamellar adhesion test was
performed. All IVD samples were treated as independent samples
due to similar variance observed within and between animals. For

statistical analysis, a Shapiro-Wilks test was used to determine
normality and an alpha level of 0.05 was utilized for this analysis.
A post-hoc Tukey’s Studentized Range Test was performed to
determine differences between groups when a main effect was found.

RESULTS

One sample within the 5 mm/s group exceeded the limits of the
tensile system load cell (45N) and was not included in the final
results as all other sampled failed at loads under 25N. This sample
was omitted as it deemed there was error in tissue mounting.

FIGURE 1 | (A) An illustration of the annular tabs created in specimens with stars indicating where sample width measurements occurred. The red arrow indicates
the direction of delamination propagation. An illustration of a sample mounted in the testing system and the orientation of the peel direction (B).

FIGURE 2 | Lamellar adhesion strength-displacement curve. Mean lamellar adhesion strength is represented by the dotted line. The standard deviation of lamellar
adhesion strength is represented by the shaded area above and below the line of the mean (termed lamellar adhesion variability). Lamellar adhesion stiffness is indicated
as the slope of the linear region of the graph.
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Lamellar Adhesion Strength and Stiffness
There was nomain effect of rate on the lamellar adhesion strength
of the AF (F = 1.00, p = 0.38). Specifically, the mean strength
(standard deviation) for the 0.05 mm/s test group was 3.43 N/mm
(1.34), 4.51 N/mm (2.07) for the 0.5 mm/s test group, and 3.87 N/
mm (0.89) for the 5.0 mm/s test group. There was also no main
effect of experimental conditions on the lamellar adhesion
stiffness of the AF (F = 0.03, p = 0.97). Lamellar adhesion
stiffness was found to be 0.65 N/mm2 (0.72) for the 0.05 mm/s
test group, 0.66 N/mm2 (0.37) for the 0.5 mm/s test group, and
0.60 N/mm2 (0.24) for the 5.0 mm/s test group.

Lamellar Adhesion Strength Variability
There was a main effect of experimental conditions on lamellar
adhesion strength variability (F = 14.92, p = 0.0001); Figures 3, 4.
Specifically, mean adhesion strength variability was found to be
0.37 N/mm (0.13) for the 0.05 mm/s test group, 0.50 N/mm
(0.19) for the 0.5 mm/s test group, and 0.96 N/mm (0.31) for
the 5.0 mm/s test group. Tukey’s post hoc analyses determined
that there was a significant difference between the 5.0 mm/s and
0.5 mm/s group (CI = [0.17,0.74]), and between the 5.0 mm/s and

0.05 mm/s group (CI = [0.30,0.87]) such that as rate of
delamination increased, lamellar adhesion strength variability
also increased.

Histology
Histological analysis indicated regions of inconsistent adhesion
between the layers of the annulus. These areas generally included
regions of incomplete lamellae (Figure 5A) or where one lamellae
terminated and the next successive lamellae began (Figure 5B).

DISCUSSION

The purpose of the present experiment was to explore the
influence of delamination rate on the adhesive properties of
the ILM. While no differences in lamellar adhesion strength or
stiffness were observed, the current study did find that lamellar
adhesion strength variability was affected by rate. Specifically, this
work observed increased strength variability with increasing rate
of delamination. Variability in the bond strength has been
attributed to imperfections in adhesion in various non-biologic

FIGURE 3 | (A) Lamellar adhesion variability, (B) Lamellar adhesion strength, and (C) Lamellar adhesion strength variability for the three experimental rate condition;
the slow condition (0.05 mm/s), the medium condition (0.5 mm/s), and the fast condition (5.0 mm/s). The box extends from the 25% percentile to the 75% percentile
value, the line inside the box represents the median, and the error bars indicate the range for each experimental group. Asterisks indicate significant differences between
groups (p < 0.05).
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composite materials (Rodríguez-Ramos et al., 2013). Previous
work performed in other non-biological adhesive materials, for
example, cellophane (Gardon, 1963; Campbell and Flake, 2004)
as well as biologic tissue samples including the degenerated AF
(Gregory et al., 2014) and cartilage (Bürgin et al., 2014), have
noted non-uniform bond strength and have attributed these
observations to variations in stress distributions across the
bond as well as in the material composition of the bond itself.

Bond strength variability during the peel tests in the current work
was also likely and indication of variations and/or inconsistencies
in the matrix composition between the AF layers.

Physiologically, these variations are important as regions of
low adhesion strength are more susceptible to delamination
which could increase risk of damage to the AF as a whole.
Previous work in a rabbit model has shown that degenerated
IVDs have lower adhesion strength compared to non-
degenerated IVDs (Gregory et al., 2014). In the current work,
when delamination velocity was low, the variations in matrix
composition were not perceptible and the result was relatively
stable peel strength over the length of the bonded samples;
however, when higher rates of loading were examined, peel
strength fluctuated in magnitude, likely due to viscoelastic
nature of the variations in material composition (i.e. the
TLBN (Schollum et al., 2008; Yu et al., 2015)). It is at these
higher rates where regions of low delamination strengthmay pose
a risk of injury to the IVD.

No significant differences in lamellar adhesion strength or
stiffness were observed between the different delamination rates,
aligning with some previous work done conducted in degenerated
human IVDs (Gregory et al., 2012). In contrast, other research
has shown that the matrix that spans the interlamellar space
behaves viscoelastically in response to strain during dynamic

FIGURE 4 | A comparison of a typical adhesion-strength curve for a fast (A) and slow (B) condition trial. Mean lamellar adhesion strength is represented by the
dotted line. The lamellar adhesion strength variability is represented by the shaded area above and below the line of the mean. Note the higher variability across the
plateau in the fast condition compared to the slow condition.

FIGURE 5 | Axial view of annulus fibrosus stained with Safranin O/Fast
Green (×10 magnification). Arrows indicate regions of inconsistent adhesion
between adjacent lamellae. These regions are generally where one collagen
bundle ends and an adjacent one begins. Scale bar 500 µm.
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loading (Tavakoli and Costi, 2018a; Tavakoli and Costi, 2018b);
however these studies examined the ILM under different load
orientations (i.e. radial tension and shear) than what was
conducted in the current study. The peel test in the current
study aims to quantify the tensile strain in the ILM when resisting
delamination (Gregory et al., 2012).

A limited number of studies have reported adhesion strength and
variability in theAF including in the bovine tail (Harvey-Burgess and
Gregory, 2019), rabbit (Gregory et al., 2014), porcine (Snow et al.,
2018; Ghelani et al., 2020; McMorran and Gregory, 2021), and
human (Calvo-Echenique et al., 2018) IVD. The peel strength values
reported in the current study are similar to those reported previously
in the bovine tail and porcine; while the reported values in the rabbit
and human IVD were much lower (less than 1.0N/mm); however
this may be a result of the high degree of degeneration in those
experiments. The studies conducted in the bovine tail and porcine
IVD also reported peel strength variability which was found to be
similar to those reported in the current work.

It is important to discuss the current study’s limitations.
First, bovine caudal IVDs were used, which have distinct
anatomy, structure, and loading conditions compared to the
human lumbar IVDs. It must be noted that bovine tails are
non-weight bearing however, animal studies have reported
similar microstructures between bovine tail IVDs and human
IVDs (Demers et al., 2004; Alini et al., 2008). While
microstructures have been shown to be similar, the reported
peel strengths are much higher than those reported previously
in human IVDs (Gregory et al., 2012) though this may be due
to the degenerated state of the human IVDs when compared to
bovine making direct comparisons impractical. Future work
should aim to quantify adhesion peel strength variability in the
human IVD. Second, the annular samples were removed from
the lateral portions of the IVD to create nearly-identical
samples rather than anterior and posterior which is
typically done. However, this was due to the anatomical
symmetry of the bovine tail IVD. Third, observations of
adhesive strength occurred over a limited range of relatively
slow rates. While this observation was limited by the
equipment used, future work should focus in observing the
effect of strain rates like those experienced during traumatic
events. The current work utilized a range of delamination rates
most likely to be experienced during voluntary daily
movement; however, traumatic events can exceed the rates
presented in this work (greater than 5 mm/s), which would be
the focus of future work. Last, given that this is the first study to

examine the effect of peel test rate, future work should also aim
to verify the findings by replicating the work. However, given
the high variability of these data, caution should be taken when
interpreting the findings of this work; reproducibility, as a
result, will also likely be challenging.

CONCLUSION

The present experiment did not observe a significant difference in
the lamellar adhesion strength and lamellar adhesion stiffness of
the ILM. In contrast, faster delamination rates were shown to
influence the lamellar adhesion strength variability of the ILM,
possibly highlighting a viscoelastic response to this structure.
Such mechanical behaviour may permit the development of
microtrauma at lower overall levels of force, and thereby
present an injury scenario where the disc becomes more
susceptible to delamination.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The use of animal tissues in the current study was reviewed and
approved by the institutional biosafety committee and the animal
care committee.

AUTHOR CONTRIBUTIONS

KB and DG designed the study. KB and JM conducted the
experiments. KB and DG performed the data analysis. All
authors contributed to the article and approved the submitted
version.

FUNDING

This work was funded by the Natural Sciences and Engineering
Research Council (NSERC) of Canada (RGPIN-2020-04723).

REFERENCES

Alini, M., Eisenstein, S. M., Ito, K., Little, C., Kettler, A. A., Masuda, K., et al. (2008).
Are Animal Models Useful for Studying Human Disc Disorders/degeneration?
Eur. Spine J. 17, 2–19. doi:10.1007/s00586-007-0414-y

Bürgin, V., Daniels, A. U., Francioli, S., Schulenburg, J., andWirz, D. (2014). 90° Peel off
Tests of Tissue EngineeredOsteochondral Constructs: ANewMethod toDetermine
the Osteochondral Integration. Int. J. Tissue Eng. 2014, 6. doi:10.1155/2014/343182

Calvo-Echenique, A., Cegoñino, J., Correa-Martín, L., Bances, L., and Palomar, A.
P.-d. (2018). Intervertebral Disc Degeneration: an Experimental and Numerical

Study Using a Rabbit Model. Med. Biol. Eng. Comput. 56 (5), 865–877. doi:10.
1007/s11517-017-1738-3

Campbell, F. C. (2004). “Adhesive Bonding and Integrally Cocured Structure:
A Way to Reduce Assembly Costs through Parts Integration,” in
Manufacturing Processes for Advanced Composites. Editor C. J. Flake
(Netherlands: Elsevier).

Cohen, R. E., Hooley, C. J., andMcCrum,N.G. (1976). Viscoelastic Creep of Collagenous
Tissue. J. Biomechanics 9 (4), 175–184. doi:10.1016/0021-9290(76)90002-6

Cribb, A. M., and Scott, J. E. (1995). Tendon Response to Tensile Stress: an
Ultrastructural Investigation of Collagen:proteoglycan Interactions in Stressed
Tendon. J. Anat. 187 (2), 423–428.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org June 2022 | Volume 10 | Article 8832686

Briar et al. Delamination of the Annulus Fibrosus

https://doi.org/10.1007/s00586-007-0414-y
https://doi.org/10.1155/2014/343182
https://doi.org/10.1007/s11517-017-1738-3
https://doi.org/10.1007/s11517-017-1738-3
https://doi.org/10.1016/0021-9290(76)90002-6
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Demers, C. N., Antoniou, J., and Mwale, F. (2004). Value and Limitations of Using
the Bovine Tail as a Model for the Human Lumbar Spine. Spine 29 (24),
2793–2799. doi:10.1097/01.brs.0000147744.74215.b0

Fujita, Y., Wagner, D. R., Biviji, A. A., Duncan, N. A., and Lotz, J. C. (2000).
Anisotropic Shear Behavior of the Annulus Fibrosus: Effect of Harvest Site and
Tissue Prestrain. Med. Eng. Phys. 22 (5), 349–357. doi:10.1016/s1350-4533(00)
00053-9

Gardon, J. L. (1963). Peel Adhesion. I. Some Phenomenological Aspects of the Test.
J. Appl. Polym. Sci. 7, 625–641. doi:10.1002/app.1963.070070219

Ghelani, R. N., Zwambag, D. P., and Gregory, D. E. (2020). Rapid Increase in
Intradiscal Pressure in Porcine Cervical Spine Units Negatively Impacts
Annulus Fibrosus Strength. J. Biomechanics 108, 109888. doi:10.1016/j.
jbiomech.2020.109888

Gregory, D. E., Bae, W. C., Sah, R. L., and Masuda, K. (2012). Anular Delamination
Strength of Human Lumbar Intervertebral Disc. Eur. Spine J. 21, 1716–1723.
doi:10.1007/s00586-012-2308-x

Gregory, D. E., Bae, W. C., Sah, R. L., and Masuda, K. (2014). Disc Degeneration
Reduces the Delamination Strength of the Annulus Fibrosus in the Rabbit Annular
Disc Puncture Model. Spine J. 14 (7), 1265–1271. doi:10.1016/j.spinee.2013.07.489

Harvey-Burgess, M., and Gregory, D. E. (2019). The Effect of Axial Torsion on the
Mechanical Properties of the Annulus Fibrosus. Spine (Phila Pa 1976) 44,
E195–E201. doi:10.1097/BRS.0000000000002803

Iatridis, J. C., and Ap Gwynn, I. (2004). Mechanisms for Mechanical Damage in the
Intervertebral Disc Annulus Fibrosus. J. Biomechanics 37 (8), 1165–1175.
doi:10.1016/j.jbiomech.2003.12.026

Iatridis, J. C., Kumar, S., Foster, R. J., Weidenbaum, M., and Mow, V. C. (1999).
Shear Mechanical Properties of Human Lumbar Annulus Fibrosus. J. Orthop.
Res. 17 (5), 732–737. doi:10.1002/jor.1100170517

Iyer, S., and Kim, H. J. (2016). Cervical Radiculopathy. Curr. Rev. Musculoskelet.
Med. 9 (3), 272–280. doi:10.1007/s12178-016-9349-4

McMorran, J. G., and Gregory, D. E. (2021). The Effect of Compressive Loading
Rate on Annulus Fibrosus Strength Following Endplate Fracture. Med. Eng.
Phys. 93, 17–26. doi:10.1016/j.medengphy.2021.05.010

Melrose, J., Smith, S. M., Appleyard, R. C., and Little, C. B. (2008). Aggrecan,
Versican and Type VI Collagen Are Components of Annular Translamellar
Crossbridges in the Intervertebral Disc. Eur. Spine J. 17 (2), 314–324. doi:10.
1007/s00586-007-0538-0

Rodríguez-Ramos, R., Guinovart-Díaz, R., López-Realpozo, J. C., Bravo-Castillero,
J., Otero, J. A., Sabina, F. J., et al. (2013). Effective Properties of Periodic Fibrous
Electro-Elastic Composites with Mechanic Imperfect Contact Condition. Int.
J. Mech. Sci. 73, 1–13. Available from: http://dx.doi.org/10.1016/j.ijmecsci.2013.
03.011. doi:10.1016/j.ijmecsci.2013.03.011

Schollum, M. L., Wade, K. R., Robertson, P. A., Thambyah, A., and Broom, N. D.
(2018). A Microstructural Investigation of Disc Disruption Induced by Low
Frequency Cyclic Loading. Spine (Phila Pa) 43 (3), E132–E142. doi:10.1097/
BRS.0000000000002278

Schollum, M. L., Robertson, P. A., and Broom, N. D. (2009). A Microstructural
Investigation of Intervertebral Disc Lamellar Connectivity: Detailed Analysis of
the Translamellar Bridges. J. Anat. 214 (6), 805–816. doi:10.1111/j.1469-7580.
2009.01076.x

Schollum, M. L., Robertson, P. A., and Broom, N. D. (2008). ISSLS Prize Winner:
Microstructure and Mechanical Disruption of the Lumbar Disc Annulus. Spine
33 (25), 2702–2710. doi:10.1097/brs.0b013e31817bb92c

Snow, C. R., Harvey-Burgess, M., Laird, B., Brown, S. H. M., and Gregory, D. E.
(2018). Pressure-induced End-Plate Fracture in the Porcine Spine: Is the
Annulus Fibrosus Susceptible to Damage? Eur. Spine J. 27 (8), 1767–1774.
Available from: https://doi.org/10.1007/s00586-017-5428-5. doi:10.1007/
s00586-017-5428-5

Tavakoli, J., Amin, D. B., Freeman, B. J. C., and Costi, J. J. (2018). The
Biomechanics of the Inter-lamellar Matrix and the Lamellae during
Progression to Lumbar Disc Herniation: Which Is the Weakest Structure?
Ann. Biomed. Eng. 46 (9), 1280–1291. doi:10.1007/s10439-018-2056-0

Tavakoli, J., and Costi, J. J. (2018). New Findings Confirm the Viscoelastic
Behaviour of the Inter-lamellar Matrix of the Disc Annulus Fibrosus in
Radial and Circumferential Directions of Loading. Acta Biomater. 71,
411–419. doi:10.1016/j.actbio.2018.03.015

Tavakoli, J., and Costi, J. J. (2018). New Insights into the Viscoelastic and Failure
Mechanical Properties of the Elastic Fiber Network of the Inter-lamellar Matrix
in the Annulus Fibrosus of the Disc. Acta Biomater. 77, 292–300. doi:10.1016/j.
actbio.2018.07.023

Tavakoli, J., Elliott, D. M., and Costi, J. J. (2016). Structure and Mechanical
Function of the Inter-lamellar Matrix of the Annulus Fibrosus in the Disc.
J. Orthop. Res. 34 (8), 1307–1315. doi:10.1002/jor.23306

Vos, T., Abajobir, A. A., Abbafati, C., Abbas, K. M., Abate, K. H., Abd-Allah, F.,
et al. (2017). Global, Regional, and National Incidence, Prevalence, and Years
Lived with Disability for 328 Diseases and Injuries for 195 Countries, 1990-
2016: A Systematic Analysis for the Global Burden of Disease Study 2016.
Lancet 390 (10100), 1211–1259. doi:10.1016/S0140-6736(17)32154-2

Vos, T., Barber, R. M., Bell, B., Bertozzi-Villa, A., Biryukov, S., Bolliger, I., et al.
(2015). Global, Regional, and National Incidence, Prevalence, and Years Lived
with Disability for 301 Acute and Chronic Diseases and Injuries in 188
Countries, 1990-2013: A Systematic Analysis for the Global Burden of
Disease Study 2013. Lancet 386 (9995), 743–800. doi:10.1016/S0140-
6736(15)60692-4

Yu, J., Schollum,M. L.,Wade, K. R., Broom, N. D., and Urban, J. P. G. (2015). ISSLS
Prize Winner: A Detailed Examination of the Elastic Network Leads to a New
Understanding of Annulus Fibrosus Organization. Spine (Phila Pa 1976) 40
(15), 1149–1157. doi:10.1097/BRS.0000000000000943

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Briar, McMorran and Gregory. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org June 2022 | Volume 10 | Article 8832687

Briar et al. Delamination of the Annulus Fibrosus

https://doi.org/10.1097/01.brs.0000147744.74215.b0
https://doi.org/10.1016/s1350-4533(00)00053-9
https://doi.org/10.1016/s1350-4533(00)00053-9
https://doi.org/10.1002/app.1963.070070219
https://doi.org/10.1016/j.jbiomech.2020.109888
https://doi.org/10.1016/j.jbiomech.2020.109888
https://doi.org/10.1007/s00586-012-2308-x
https://doi.org/10.1016/j.spinee.2013.07.489
https://doi.org/10.1097/BRS.0000000000002803
https://doi.org/10.1016/j.jbiomech.2003.12.026
https://doi.org/10.1002/jor.1100170517
https://doi.org/10.1007/s12178-016-9349-4
https://doi.org/10.1016/j.medengphy.2021.05.010
https://doi.org/10.1007/s00586-007-0538-0
https://doi.org/10.1007/s00586-007-0538-0
http://dx.doi.org/10.1016/j.ijmecsci.2013.03.011
http://dx.doi.org/10.1016/j.ijmecsci.2013.03.011
https://doi.org/10.1016/j.ijmecsci.2013.03.011
https://doi.org/10.1097/BRS.0000000000002278
https://doi.org/10.1097/BRS.0000000000002278
https://doi.org/10.1111/j.1469-7580.2009.01076.x
https://doi.org/10.1111/j.1469-7580.2009.01076.x
https://doi.org/10.1097/brs.0b013e31817bb92c
https://doi.org/10.1007/s00586-017-5428-5
https://doi.org/10.1007/s00586-017-5428-5
https://doi.org/10.1007/s00586-017-5428-5
https://doi.org/10.1007/s10439-018-2056-0
https://doi.org/10.1016/j.actbio.2018.03.015
https://doi.org/10.1016/j.actbio.2018.07.023
https://doi.org/10.1016/j.actbio.2018.07.023
https://doi.org/10.1002/jor.23306
https://doi.org/10.1016/S0140-6736(17)32154-2
https://doi.org/10.1016/S0140-6736(15)60692-4
https://doi.org/10.1016/S0140-6736(15)60692-4
https://doi.org/10.1097/BRS.0000000000000943
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

	Delamination of the Annulus Fibrosus of the Intervertebral Disc: Using a Bovine Tail Model to Examine Effect of Separation Rate
	Introduction
	Methodology
	Specimens
	Testing Protocol
	Analysis Protocol
	Histology
	Statistical Analysis

	Results
	Lamellar Adhesion Strength and Stiffness
	Lamellar Adhesion Strength Variability
	Histology

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


