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Spinal sections and regional variations
in the mechanical properties of the annulus fibrosus
subjected to tensile loading
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The annulus fibrosus is the primary load-bearing component of the intervertebral disc responsible for proper transfer of loads in the
spine. The aim of this study was to determine selected mechanical parameters of multilayer specimens of the annulus fibrosus of the
intervertebral disc during uniaxial tensile loading. The anatomical location (anterior/posterior) of the test specimens of the annulus fibro-
sus and its location along the length of the spine were analysed to determine their impact on the maximum failure force, stiffness, the
value of Young’s modulus and dissipated energy. The results indicated high energy losses over the five consecutive precondition loops
while the value of the force remained at a constant level. The thoracic and lumbar specimens showed the highest values of the parameters
analysed. There were also significant changes depending on the anatomical region of the intervertebral disc, where anterior specimens
demonstrated higher mechanical values compared to posterior specimens.
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1. Introduction

The annulus fibrosus is the primary component of
the intervertebral disc. In addition to collagen fibres, it
contains elastin fibres, water, proteoglycans and non-
collagenous proteins. However, it is collagen fibres,
forming a matrix of consecutive, concentrically arran-
ged annulus fibrosus lamellae, that determine the pro-
per functioning of the entire intervertebral disc.

The high strength of the intervertebral disc is re-
lated to maintenance of a balance between the intra-
discal pressure, caused by a complex system of forces
acting on the spine, and direct anchoring of collagen
fibres of the outer part of the annulus fibrosus (2/3) in
the bone tissue of vertebral bodies adjacent to the disc.
This provides additional, significant enhancement of
the disc-vertebral body connection under the impact

of tensile and shearing forces acting on motor seg-
ments [19], [27], [34].

The mechanical properties of the annulus fibrosus
depend on its position in a given segment of the spine
due to, among others, different values of the forces
loading a particular segment [28] as well as its con-
nection within the area of the intervertebral disc itself
(anterior or posterior part) [21], [33].

Variability of strength and structural properties of
the annulus fibrosus within the area of the disc has
been demonstrated in a number of research works [1],
[3], [11]-[16], [18], [30]. Most of them represent
analyses of the mechanical properties conducted in
uniaxial tensile tests. The tests usually involve multi-
layer fragments of the annulus stretched in the circum-
ferential or vertical direction, and less frequently sin-
gle annulus lamellae [16], [30]. The test specimens are
excised from isolated intervertebral discs. However,
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the specimens rarely have preserved attachments in
the bone part of vertebral bodies [6], [16], [24]. This
somewhat limits the possibility of identifying changes
at the vertebral body- disc-vertebral body complex,
which is regarded as the primary functional unit of the
spine [36]. Parameters obtained in strength tests of the
annulus fibrosus include, e.g., maximum tensile force,
elastic modulus or changes in strain and stress. Ho-
wever, taking into account viscoelastic properties of
the annulus fibrosus, it is important to understand the
nature of changes taking place in this structure during
the so-called preconditioning, i.e., loads prior to the
final strength test [37].

The main aim of this study was to characterize the
mechanical properties of multilayer specimens of the
annulus fibrosus with regard to differentiation of the
anatomical regions and the spinal segments. Another
major aim of this study was an analysis of the para-
meters determining tensile properties in the form of
changes in dissipated energy determined in initial
cycles (preconditioning).

2. Materials and methods

The research material consisted of spines obtained
post-mortem from 3 domestic pigs aged 8 months,
with an average weight of about 130 kg, coming from
a single breeder. Specimens of animal origin are
commonly used as research models, successfully
replacing human (cadaver) specimens [4], [8], [31],
[32].

After collection, the specimens were cleaned off
soft tissue and posterior bone elements (arches with
processes) were removed so as to leave exposed the
structure of the vertebral bodies and the intervertebral
disc. Then, the specimens were divided into 3 seg-
ments: cervical, thoracic and lumbar.

Single motor segments were isolated in each of the
segments, consisting of an intervertebral disc together
with adjacent halves of vertebral bodies (body-disc-

body). The study was conducted for 3 selected seg-
ments coming from consecutive segments of the spi-
ne, i.e.: cervical C3-C4, C4-C5 and C5-C6; thoracic
Th8-Th9, Th9-Th10 and Th10-Thl1; and lumbar L2-
L3, L3-L4 and L4-L5. The material prepared was
frozen in separate plastic packaging at a temperature
of =20 °C until testing.

Specimens were excised from each segment,
which contained the outer part of the annulus fibrosus.
Lamellae of this part of the annulus fibrosus are ho-
mogeneous in terms of arrangement and density of
collagen fibres compared to the annuli situated inter-
nally, which are loosely and heterogeneously arranged
collagen fibres [21], [25], [33]. Anterior (A) and po-
sterior (P) margins were excised from frozen speci-
mens in the frontal plane, which were then divided
into two symmetrical parts, Fig. 1.
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Fig. 1. Diagram of sampling from the spinal segment:
(a) anterior and posterior margins;
(b) single specimens of outer layers of the annulus fibrosus
together with bone insertion

Individual specimens were prepared in such a way
as to obtain similar geometrical dimensions of the an-
nulus, in particular thickness, which would correspond
to a comparable number of layers of the annulus fibro-
sus lamellae in each of the specimens. As a result, 54
multilayer annulus fibrosus specimens of a non-
degenerated intervertebral disc were obtained, 18 spe-
cimens per each segment with the average dimensions:

Table 1. A comparison of average dimensions of the specimens depending on the sampling site and segment.
Values are the mean +SD for all 3 spinal segments

sesgrzlrgts Cervical Thoracic Lumbar
Location of the anterior posterior anterior posterior anterior posterior
annulus fibrosus n=9) n=9) n=9) (n=9) (n=9) n=9)
Length [mm] 6.33 £0.98 5.79 £ 1.08 6.13+1.32 5.00+0.90 6.24 £ 0.95 596+ 1.16
Width [mm)] 16.42 +2.07 16.17£1.70 16.08 = 1.38 1517+ 1.75 15.50 + 1.68 16.00 = 1.48
Thickness [mm] 3.46 £ 0.66 3.79 £0.58 4.54 +1.03 4.50 £ 0.85 4.00 £ 0.48 4.00 + 0.64
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length 5.91 + 1.13 mm, width 15.89 + 1.68 mm and
thickness 4.05 + 0.80 mm. Geometrical parameters of
the specimens were measured using a Mitutoyo me-
asuring system equipped with dial indicator accurate
to 0.01 mm with adjustable pressing force. Table 1
shows the dimensions of the annulus fibrosus para-
meters for the corresponding sampling regions and
segments. The sizes and orientations of all specimens
were similar to eliminate these factors as confounding
variables.

2.1. Hydration condition

Prior to the mechanical test, the specimens were
subjected to hydration in 0.15% normal saline at
room temperature. The aim of the hydration process
was to restore proper concentration of water content
in the test specimens of the annulus fibrosus of the
intervertebral disc, which significantly affects the
values of the mechanical parameters analysed [1],
[11], [30].

Prior to placement in normal saline, the specimens
were weighed on a Radwag PS 1000/C/2 precision
balance with an accuracy of 0.001 g. Each specimen
was then placed in a separate container with normal
saline. The specimens were taken out of the saline at
10 minute intervals, weighed and again put in NaCl.
The measurement was carried out for 60 minutes until
the process stabilized. The increase of water content
in the test specimen was determined from the diffe-
rence between the dry sample weight and the hydrated
sample weight.

Because the analysis of hydration was conducted
for annulus fibrosus specimens with preserved bone
attachments, tests were also carried out of a change in
hydration for isolated fragments of the annulus fibro-
sus alone. This allowed us to determine the impact of
bone parts and cartilaginous tissue, covering the sur-
faces of end plates of vertebral bodies, on the hydra-
tion process. To this end, a second group of specimens
was prepared, obtained from a pig coming from the
same breeder as the research material designated for
mechanical tests. The specimens were prepared using
the same procedure as in the case of the annulus fibro-
sus specimens with bone attachments. Then, using
a scalpel, the annulus fibrosus was separated from the
osteocartilaginous structure.

Analysis of the impact of hydration revealed that,
regardless of the type of test specimens, the same
correlation was obtained between the hydration cu-
rve and time. The first 30 minutes of immersion in
normal saline showed much higher absorption of the

solution in specimens with bone attachment, i.e., by
20% (n = 8) compared to specimens of the annulus
fibrosus alone, where the value of the absorbed
liquid increased by 9% (n = 8). Subsequent measu-
rements showed no further significant increase of
water in the specimens, hence the time required to
restore physiological hydration should not be less
than 30 minutes (Fig. 2). Additionally, for 6 selected
specimens used in strength tests the impact of the
study duration on a change in hydration was deter-
mined from the moment the specimen was taken out
of saline to the end of the mechanical test. The total
test time for a single specimen did not exceed 2 min.
After this period, the observed decrease in the spe-
cimen weight associated with its dehydration avera-
ged 4% of the weight obtained after 30 minutes of
measurement.
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Fig. 2. Hydration changes with time for specimens
of the annulus fibrosus (n = 8) and the annulus fibrosus
with vertebral bone (7 = 8) in NaCl saline environment.

Analysis of the effect of hydration was carried out
on 8 randomly selected specimens from the anterior part

2.2. Tensile testing

Bone parts of dissected specimens were mounted
in special grips, whose surfaces were covered with
coarse sandpaper, and then installed in an MTS
Synergie 100 testing machine. The bone parts were
inserted into a grip to half their length (i.e., to a length
of about 5—7 mm of the total length of the bone part
measuring about 15 mm), Fig. 3a. Each specimen was
subjected to 5 initial tensile load cycles at a rate of
0.5 mm/s by application of a 1 mm displacement,
which corresponds to about 20% of the maximum
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Fig. 3. Diagram of tensile loading of a specimen: (a) method of mounting a specimen in the grips,
(b) sample force-displacement characteristics of a specimen pulled until fracture with indication
of the breaking force range at the first and the fifth preload loop

value of strain, Fig. 3b [15], [5], [39]. Conditioning
cycles were followed by uniaxial tensile loading of
specimens at a constant rate of 0.5 mm/s until their
fracture.

The obtained values of elongation of the speci-
men and the corresponding force values were used to
determine characteristics of force as a function of
displacement for consecutive hysteresis loops. On
their basis the maximum force value was determined,
obtained for a 1 mm displacement. On the basis of
the resulting curves dissipated energy was determin-
ed for the first and fifth loop, defined as surface area
limited by the maximum value of the force obtained
during displacement of the specimen by a given va-
lue [23], [38].

Then, from the slope of the rectilinear section of
the force-displacement and stress-strain curves (Fig. 4),
obtained during the pulling of the specimen until its
fracture, mechanical parameters were selected: stiff-
ness (k) and Young’s modulus (E). The values & and E
were determined in the range from 35% to 70% of the
value of maximum force (Fyax) and ultimate tensile
strength UTS (omax), which corresponds to the range
in which we can see a significant share of collagen
fibres in tensile loading [3]. The value of the conven-
tional stiffness coefficient (k) is defined according to
the formula

, (1)

where: £ [N/mm] — stiffness, o — slope of the curve
F(AL), F [N] - force value, AL [mm] — elongation
value.

2.3. Statistics

The results obtained were statistically analysed
(OriginPro8 software) and presented as an average
value together with standard deviations (X £ SD).
Statistical analysis of the data was performed using
the Student’s #-test for independent tests. The tests
were performed assuming that the limit value for the
significance level was p < 0.05.

3. Results

The values of the force determined for a 1 mm
displacement in successive loops of initial loading and
unloading of specimens showed differences between
the sampling areas (A, P) and between the individual
segments of the spine (C, Th, L) (Table 2). At the
same time, tests showed a significant drop in the value
of the force in consecutive loops only in the thoracic
spine. The biggest values of the force were obtained
for the thoracic segment in the anterior part (48.61
+ 2.55 N), which were 24% higher than the values in
the posterior part (37.11 + 2.96 N). On the other hand,
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Table 2. The range of the maximum force in subsequent hysteresis loops (n = 12).

Values are mean £SD for all 3 spinal segments in the anterior and posterior locations of the annulus fibrosus

Locati Number of cycle
Spinal ocation
of the annulus 1 2 3 4 5
segments fibrosus
Fuax [N]
Cervical anterior 236 +1.55 2.30+1.56 228 +1.57 226+1.57 226+1.57
1
posterior 1.04 +0.90 1.00 +0.84 0.97+0.79 0.96 £0.78 0.96 +0.76
Thoracic anterior 52.87+17.41 | 48.77+17.37 | 47.82+17.54 | 47.22+17.55 | 46.34+17.17
i
posterior 4192 +13.01 | 37.83+13.07 | 36.08+12.92 | 3525+12.89 | 34.47+13.26
Lumbar anterior 18.94+12.10 | 18.60+11.88 | 1845+11.72 | 1829+11.72 | 18.22+11.67
u
posterior 2945+ 1851 | 28.78+17.40 | 28.35+16.61 | 28.51 £16.69 | 28.06+16.20
Number of hysteresis: Number of hysteresis:
[ I
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4,5 * 4,5 *
_ 40 _ 40 *
5 35 § 35
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i 25 # E 2,5
5 ° g *
E 2,0 E 2,0 & ‘
g 1,5 [ 4 g 1,5
5 10 Z 10 \ ‘
E 0,5 { J 5 0,5 W
’ # ‘ ’ & ‘ |
0,0 0,0
CERVICAL THORACIC LUMBAR CERVICAL THORACIC LUMBAR
a) ANTERIOR b) POSTERIOR

Fig. 4. Dissipated energy of subsequent hysteresis loops of initial loading and unloading of specimens in uniaxial tensile test (n = 9):
(a) specimens from the anterior part; (b) specimens from the posterior part. * — statistically significant differences in dissipated energy
in the last hysteresis (p < 0.05), # — statistically significant differences in dissipated energy in the first hysteresis
between anterior margins of the C, Th and L motion segments (p < 0.05), & — statistically significant differences
in dissipated energy in the first hysteresis between posterior margins of the C and Th motion segments (p < 0.05).

In each of the A and P locations samples showed statistically significant differences
between the first and the last hysteresis of (p < 0.05)

the smallest force was demonstrated by the annulus
fibrosus in the cervical segment, whose value in the
anterior part (2.29 + 0.04 N) was 57% greater than the
value obtained in the posterior part (0.99 = 0.03 N).
The forces obtained for posterior annuli from the lum-
bar spine (28.63 + 0.53 N) were 35% higher than the
values obtained in the anterior part (18.50 + 0.29 N).
Hysteresis loops of initial loading and unloading
are characterised by similar values of the maximum
force in successive loops, where regardless of its va-
lue, a significant loss was observed of dissipated
energy determined for the first and last (fifth) hystere-
sis loops. The biggest differences in values between
the first and the fifth hysteresis loops were obtained
for the thoracic segment, where the difference was
79% in part A and 68% in part P, and in the lumbar
segment, where the difference was 77% in part A and

63% in part P. On the other hand, the smallest differen-
ces were obtained in the cervical segment, i.e., 59%
in part A and 24% in part P. At the same time, the
energy in the first loop of the thoracic segment (in part
A —2.58 £ 1.34 mJ and in part P — 1.86 + 0.60 mJ)
was statistically significantly higher compared to the
values obtained in the cervical segment (Fig. 4a, b).
The smallest loss of dissipated energy was obtained in
part A of the cervical spine, whose value did not
exceed 0.20 £ 0.08 mJ (in part A) and 0.17 + 0.08 mJ
(in part P) in the first hysteresis loop.

Analysis of individual mechanical parameters of
the intervertebral disc showed statistically important
differences between the sampling sites for anterior
and posterior specimens (A, P). The value of UTS
(omax) determined in the anterior part (A) was higher
for the Th segment (4.70 £ 2.10 MPa) by 47% and for
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Fig. 5. The mechanical parameters of the annulus fibrosus together with bone attachment depending on various spinal segments
collected from the anterior and posterior parts (n = 12): (a) ultimate tensile strength — UTS (omax); (b) the stiffness value (k);

(¢) Young’s modulus value (E). * —

Statistically significant differences between 3 segments of the spine in anterior

and posterior locations of the annulus fibrosus in intervertebral disc segments (p < 0.05)

the L segment (7.54 + 4.14 MPa) by 36% compared to
part P, where it amounted to 2.47 + 1.29 MPa for the
thoracic segment and 4.86 = 1.36 MPa for the lumbar
segment. At the same time, the value of UTS of the
annulus fibrosus in the anterior part increases as the
spinal segment changes (C-Th-L). The smallest values,
with the level of statistical significance of 0.05, were
obtained in the cervical segment (3.03 + 1.47 MPa)
compared to the lumbar segment (7.54 + 4.14 MPa)
— Fig. 5a.

On the other hand, the value of the conventional
stiffness coefficient (k), shown in Fig. 5b, indicates
that there are significant differences in part A. The
highest stiffness coefficient was demonstrated by the
Th segment (203.00 += 95.913 N/mm), which was
higher by 43% compared to the L segment (115.85
+ 23.56 N/mm) and higher by 74% compared to the
cervical segment (51.80 + 18.22 N/mm).

The highest values of the conventional Young’s
modulus (E) were observed in the anterior part (A) for
the thoracic (25.11 = 12.40 MPa) and lumbar (20.05
+ 4.58 MPa) segments, which were higher than the
values obtained in the posterior part by 61% for the
Th segment (9.69 = 4.58 MPa) and by 31% for the
L segment (13.75 + 1.63 MPa) — Fig. 5c.

4. Discussion

This work determined the mechanical parameters
of multilayer specimens of the annulus fibrosus in
a uniaxial tensile test according to the sampling site
(anterior and posterior) and the spinal segment (cervi-
cal, thoracic and lumbar) from which the research
material was sampled.
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The annulus fibrosus exhibits viscoelastic properties
[5], which means that during deformation stress and
strain are out of phase. During loading and subsequent
unloading, a certain strain delay can be observed in rela-
tion to the acting stress and, consequently, the appearan-
ce of a hysteresis loop. The area of the hysteresis loop
obtained shows dissipated energy, which is defined as
a mechanical parameter that makes it possible to cha-
racterize nonlinear mechanical properties of soft tissues
[17], [40]. Based on initial loading and unloading of
annulus fibrosus specimens studied in the above work,
an assessment was made of the quantitative losses of
dissipated energy arising in successive hysteresis loops.

Analysis of dissipated energy in each of the five lo-
ad loops showed big changes in subsequent cycles
compared to the value of the force obtained under the
same loading conditions (Table 2). These changes take
the form of continued energy loss with simultaneously
decreasing dynamics of this process. If we compare the
structure of the annulus fibrosus to the structure of
a fibrous multilayer composite [24], then, as demonstra-
ted by Porgbska et al. [26], the higher the fibre content in
the composite material, the higher the value of dissipated
energy. At the same time, random distribution of the
fibres favours formation of areas with locally higher
stress values, in which a decrease in the value of dissi-
pated energy in subsequent loops results from fracture
of adhesive connections between the matrix and the
coating as well as within fibres [20], [26].

The studies conducted showed no statistically im-
portant differences in the obtained energy values betwe-
en the anterior and posterior parts of the respective spinal
segments, which is consistent with the observations of
the authors [11]. The highest differences in dissipated
energy at precondition were obtained for annulus fibro-
sus specimens from the thoracic and lumbar segments.
In the cervical segment the recorded energy losses were
negligible (in the range of 0.08+0.16 mJ) compared to
the obtained ranges for the thoracic (0.5+2.3 mJ) and
lumbar (0.3+1.2 mJ) segments. On the other hand, stati-
stically significant changes (regardless of parts A, P)
were observed between the first and fifth loops of initial
loading for all specimens analysed.

The resulting differences in the values of dissi-
pated energy between the first and last hysteresis
loops reflect work in the structure of the annulus
fibrosus matrix, i.e., the work used to spread out and
move crimp collagen fibres as well as the work be-
tween the fibres and the coating consisting of prote-
oglycans. The resulting losses of dissipated energy
may also result from microcracks of collagen fibres
forming connections between annulus lamellae du-
ring loading.

Introduction of initial cycle loading and unloading
minimizes the impact of viscoelastic properties of the
tissue thereby restoring its actual biomechanical pro-
perties [37].

In parallel with the analysis of dissipated energy,
the maximum values of the force for the precondition
test were also determined. Differences in the recorded
force were observed depending on the tested segment
of the spine and the site from which the annulus fibro-
sus was sampled. Also, as in the case of dissipated
energy, the highest values of strength were demon-
strated by specimens from the thoracic and lumbar
segments while the smallest values were exhibited by
specimens from the cervical segment (Table 2). Also,
higher strength values were recorded for anterior
fragments of annulus fibrosus. However, the most
important observation in this part of the analysis was
demonstration of the lack of significant changes in the
value of strength in successive conditioning loops.
This clearly indicates that the parameter of maximum
strength determined with regard to elastic loads does
not allow description of changes taking place during
the work of the intervertebral disc under the impact of
physiological loads.

During the second stage of the research, the samples
subjected to initial loading were tensile tested until frac-
ture. Significantly, it was demonstrated that the values of
Young’s modulus and ultimate tensile strength (UTS)
are influenced by both the spinal segment used to collect
the specimen and by the sampling site in the annulus
itself (anterior/posterior site margins).

The average UTS value (omax) in the anterior part
was 5.09 = 3.30 MPa and in the posterior part it was
(P) 3.62 £ 1.52 MPa, which is consistent with the
results presented in the study [11]. In the case of tests
of human spine specimens, the UTS values of the
outer part of the annulus fibrosus with bone at-
tachment averaged 1.5+4.0 MPa [15] and without
attachments 10.3 + 8.4 MPa [30] and were twofold
higher than in the posterior part. Statistically signifi-
cant differences in the values of the stiffness coeffi-
cient and Young’s modulus among the analysed seg-
ments of the spine (C, Th, L) occur primarily in the
anterior part of the intervertebral disc. Specifically,
the average values of the stiffness coefficient in the
anterior part were greater by 43% compared to the
posterior part. The same relationship occurred in the
case of Young’s modulus, for which the difference in
mean values between the anterior (18.79 £+ 7.04 MPa)
and posterior (12.65 £ 2.59 MPa) parts was 33%.

The results obtained indicate that distribution of la-
mellae in the annulus fibrosus is heterogeneous. Assu-
ming the same specimen thickness, there is a different
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number of lamellae of the annulus fibrosus depending
on the anatomical region of intervertebral disc. Com-
pared to lamellae in the anterior part, posterior annuli
are characterised by thinner lamellae (especially in
outer layers) and the presence of incomplete layers
[9], [21]. Strong differentiation in the hierarchical
arrangement of the annulus fibrosus of the anterior
part in relation to the posterior part affects the strength
parameters of this structure. Consequently, in terms of
strength the posterior margin of the intervertebral disc
is weaker and quicker to destroy. These observations
are consistent with clinical observations, which most
often show damage to the intervertebral disc in its
posterior part [2], [7], [22], [28], [29], [35].

Statistically significant spread of values of the me-
chanical parameters analysed in this study is due to the
anatomical differentiation of structures of the spine in
its respective segments. This is primarily due to the
distribution of the transferred loads and the range of
motion attributable to the respective segments of the
spine. This is especially visible in the anterior part, for
which the average value of the mechanical parameters
in the cervical segment is smaller and increases with
subsequent segments of the spine.

The obtained results were influenced to a large de-
gree by the fact that the tests were carried out on spe-
cimens whose annulus fibrosus was anchored in the
end plate. Therefore, distribution of the axial force
acting on collagen fibre bundles was heterogeneous in
individual lamellae but corresponded to physiological
states existing in the intervertebral disc.

From the viewpoint of description of the test mate-
rial characterised by strong hydration, an important
element of the study undertaken was an analysis of the
state and dynamics of hydration of the specimens of
annulus fibrosus prior to and during strength testing.
Restoration of physiological hydration of the inte-
rvertebral disc before the final strength test eliminates
the impact of swelling on the values obtained of me-
chanical parameters of the tissue. This fact was repe-
atedly emphasized in the works of Ebara and Costi
[10], [11]. The geometric changes of the structure of
the annulus fibrosus caused by swelling substantially
affect the mechanical parameters determined. There-
fore, one of the aims of the research was to characteri-
ze the process of hydration of annulus fibrosus speci-
mens. The evaluation concerned the course of
swelling and the impact of the presence of osteocarti-
laginous elements on absorption of water by the inte-
rvertebral disc. The disturbance of the processes of
osmotic flow of fluids between the connections of the
structures of the intervertebral disc and the end plane
affects a drop in the water content in the intervertebral

disc, accelerating the formation of degenerative chan-
ges in its structure. Hydration had the greatest impact
on an increase in the thickness of the specimen, en-
hancing it by an average of 1.49+0.45 mm. Similar to
a study by Skaggs et al. [30], a change was observed
in the surface area of the element tested (annulus
fibrosus) during hydration. Regardless of the presen-
ce of bone elements, both groups of the samples
showed that the time required to restore full satura-
tion with the NaCl solution should not be less than
30 minutes. After this time, both specimens with
vertebral body fragments and the annulus fibrosus
itself showed no further increase in water. As shown
by studies conducted by Acaroglu and Ebara, this
time is also sufficient for full hydration of the outer
and inner layers of the annulus fibrosus [1, 11].

The results obtained clearly indicate a wide diffe-
rentiation in the mechanical properties among the
anatomical regions and in the spine segments.

Conclusion

1. Dissipated energy is a parameter enabling de-
scription of the work of annulus fibrosus of the inte-
rvertebral disc with regard to the impact of physiolo-
gical loads.

2. Significant differences were shown in the values
of dissipated energy between the first and last preload
loops. Heterogeneous distribution of lamellae in the
annulus fibrosus (anterior/posterior) does not determi-
ne higher energy losses with regard to elastic loads.

3. Young’s modulus and ultimate tensile strength
show a strong correlation with the spine part and IVD
region.

4. In order to obtain equilibrium in the hydration
of the annulus fibrosus, the swelling process should
not take less than 30 minutes.
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