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Axial and para-axial loading response evaluation on human
cadaver-harvested lumbar vertebral blocks: In vitro experiment
with possible clinical implications for clinical practice
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Abstract. The aim of the present study conducted on the lumbar
spine was to confirm that the pronounced decrease in resistance
in the system is a phenomenon that can be eminently affected
by the adaptive changes that occur at the level of the interverte-
bral disc at axial mechanical stresses. The biomechanical trial
was carried out on 11 lumbar segments L1-L5, gathered from
adult human cadavers. The dissection considered the complete
keeping of all bone, disc, articulated and ligamentous compo-
nents in their anatomical position. All 11 samples were frozen
24 h prior to the performance of the biomechanical measure-
ment. The specimens were placed in the testing device, their
placement being conditioned by the estimated dimensional
values. Thus, to calculate the load and axial resistance, the
models were placed vertically, central between the test machine
ferries. The testing was carried out by applying variable forces
and displacement supervision. The displacement interval
was represented by a segment of 0-10 mm with surveillance
every 2 mm. Mobility in the sagittal plane (flexion earlier in
our case) was much higher than that in the frontal plane, obvi-
ously limiting mobility via the intervertebral disc and articular
complex through the presence of arches. Statistical analysis
demonstrated the lack of any correlation values between the
two types of movements (R*=0.005507), underlining the
absence of any prediction elements. A noteworthy aspect is that
the correlations appeared low, statistically insignificant, even
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within the same movement in the sagittal plane between the
two levels, L1-L3 and L3-L5 (R?*=0.610427), which may lead
to the possibility of the emergence of significant differences
in mobility between respective levels. The behavior type of
the monitored specimens and the results obtained allowed the
mapping of objective parallelism between the values obtained
and the behavior in vivo of the lumbar vertebral segment.

Introduction

Experimental dynamics conducted on the lumbar spine
aims to prove that, given that the vertebral bodies are rigid
systems, the pronounced decrease in resistances in the system
is a phenomenon that can be eminently affected by the adap-
tive changes that occur at the level of the intervertebral disc
at axial mechanical stresses. Moreover, these considerations
are applicable to the disc where degenerative processes have
occurred (1,2). However, it does not perfect the ways of distrib-
uting loads and demands that occur in the vertebral body and
the intervertebral disc. Such a model, associated with the
biodynamic axial load study, has the advantage of providing
relevant information on bone movements and the changes in
soft neighborhood structures. This approach should not be
neglected in specific pathology management of the area (1). The
behavior of the monitored specimens, especially the results,
allows for objective parallelism between the values obtained
in the present study and the lumbar vertebral segments in vivo
behavior.

Materials and methods

The biomechanical trial included 11 lumbar segments L1-L5,
gathered from adult human cadavers. To obtain various
anatomical preparations with biomechanical characteristics
as close to those, in vivo, specimens were obtained from
fresh, non-formalin-preserved human cadavers, preserved by
freezing at -22°; after sampling, the anatomical preparations
were maintained at temperatures below freezing. The deci-
sion to protect the samples only by freezing was taken after
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examining the specialists' studies from the literature and
which confirmed, with arguments, that this represented the
most effective preservation method concerning the mechanical
strength and elasticity of the intervertebral disc for mainte-
nance in saline solution, which decreases disc resistance (3).
After the isolation, the adjacent muscularity was removed
from the preparations to view the osteoligamentous spine fully.
The dissection considered the complete keeping of all bone,
disc, articulated and ligamentous elements in their anatomical
position to maintain the mechanical characteristics specific to
the region as close as possible to the physiological conditions.
Preparations were frozen 24 h prior to the performance of the
biomechanical measurement (3).

The test device included the following. i) Tensile
strength-compression universal test machine, with the
capacity of 200 kN, type LBG 200, with a rigid construction
in 2 columns, for bending, compression, and tensile strength
static tests, with an accuracy that observes the standards
of ISO 7500-1, precision class 0.5 and minimal resolution
0.80 microns. The device has transmission channels of high
resolution and synchronized data, with high precision power
cells, with a piston displacement transducer with double direc-
tion. ii) Command system and digital control with software
module through which the machine operation is performed,
setting of work parameters occurs, and reading the results
specific to the bending/compressing/tensile tests is carried out.
The system ensures the real-time follow-up of test parameters:
force, displacement, elongation and allows the printing of
results and test diagrams, achieved using a digital regulator for
force, displacement, deformation with closed-loop control, and
data acquisition. iii) The programmable package on Windows
platform; a programmable package for statistical tests or
according to the operator needs, represented by TC SOFT
application software (Microsoft Corp.).

Each vertebral segment under test was comprised of
five vertebrae and four lumbar intervertebral discs prepared
according to the previous description. The specimens were
placed in the testing device, their position being conditioned
by the estimated dimensional values. Thus, to calculate the
load and axial resistance, the samples were placed vertically,
central between the test machine ferries.

The testing was carried out by applying variable forces
and supervision. The displacement interval was represented
by the segment 0-10 mm with maintenance every 2 mm. For
each displacement interval, the force values were recorded,
at the initial moment and the end of displacement, and the
‘return’ resistances encountered after 2, 4, 6 and 8 min, with
the registration of forces at those moments. The force values
(expressed in Nm) reflected the behavior of the assembly verte-
brae-discs-ligaments. To differentially quantify the resistances
from the column of bodies and those induced in the system by
the arches column, separate testing occurred at compression,
control samples, represented by ligamentous-disc-vertebral
blocks (2 lumbar vertebrae and the corresponding disc) from
which all the posterior arch elements were removed, mainly
the zygapophyseal complex (Fig. 1).

The lateral positioning (eccentric placement) (Fig. 2) of
preparation allowed the eccentric force application; thus, the
flexion/extension movement could be simulated. The metric
displacement monitoring followed the consistent application

of a 5 Nm equal force, quantified displacement in turn in
angular values, which was expressed in degrees.

Results and Discussion

Axial loading study revealed the existence of three types of
behavior concerning the lumbar segment at compression,
namely:

Type I behavior at the axial loading represented the most
uniform behavior type. As observed from the recorded data,
the lumbar vertebral block showed a fast and pronounced
adaptation after 2 min, an increase of 30-70% of the initial
values, decreasing gradually up to final values.

By the evolution model of system forces, this type of
behavior is deemed optimal for intense and sudden moments
and loads. At the same time, however, the decreased intensity
of response in 4-8 min suggests the efficiency of such a system
on time intervals of relatively low duration.

Type II was characterized by an approximately constant
interval of resistances within 2-4 min. This type of behavior
suggests the existence of an interval in which the resistance
at axial loads remains relatively constant for a more extended
period, a period in which the changes in the intervertebral
disc are minimal. Type II represents the type of system able
to sustain the intense loads (with absolute superior values to
those from type I) for more extended periods without suffering
notable distortions.

Type III represented the type of ‘intermediary' or ‘compro-
mise' behavior, in which the interval of uniform resistances is
the most extensive. Thus, after a substantial reduction between
0 and 2 min, a relatively uniform interval appears between
2 and 6 min, after which the disc resistance actually ‘collapses'
or is markedly reduced up to the end (Fig. 3).

Type III presents the lowest values of resistance in the final
stages (min 8) for all displacement intervals, except for the
intervals of 0-2 min. Such behavior suggests the possibility
of developing some effective resistances at the axial external
loads on longer intervals. However, when these resistances are
exceeded, the disc-vertebra assembly can no longer face the
loads.

Regarding the distribution of the three types within the
tested batch, the overwhelming percentage was represented by
type I1I1, i.e., by the most adjustable type to loads, with 55% of
the cases. It was followed, in order, by type I (27%) and type 11
(18%).

Table I and Fig.4 summarize the type of behavior of the three
types suggested in terms of the forces [Newton-meters (Nm)]
related to the displacement (mm), a linear model behavior
similar to those provided by literature (4).

Thus, type I constantly presents the lowest resistances,
displacement of 10 mm, and type II involves the most potent
displacement forces (i.e., resistances). By contrast, type III
reconfirms the position of the intermediate kind with the
uniform behavior. An exciting aspect of the study was repre-
sented by the comparative analysis of how the three lumbar
vertebral types behaved in the five displacement moments:
2,4,6, 8, and subsequently 10 mm. Thus, at a displacement of
2 mm, type I presents the lowest values and, at the same time,
it ‘concedes’ resistance at the fastest rate, the type II resists to
the highest loads, but on a relatively short interval, and type 111
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Figure 1. Vertebra with posterior arch elements removed.

Figure 2. Lateral positioning of the vertebral segment.
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Figure 3. Axial loading type III behavior. Yellow, 2 min; red, 4 min; orange,
6 min; purple, 8 min; blue, 10 min.

is constantly placed in an intermediate position, both in terms
of values and in terms of dynamics. In addition, in the case
of the 2 mm displacement, the highest value differences were
recorded between the three suggested types (Fig. 5).

In the case of the 4 mm displacement, type I maintains
the behavior model, descending steeply after min 2; type II
loses the interval between min 2 and 4 but, at the same time, is
reduced less while type III not only constantly maintains the
trend but also manifests a slight peak at min 4. At the same

EXPERIMENTAL AND THERAPEUTIC MEDICINE 22: 1192, 2021 3

Table I. Three types of axial loading behavior.

Displacement (mm) 2 4 6 8 10
Type 1 52 82 122 177 257
Type 2 68 91 144 211 246
Type 3 61 88 136 184 255
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Figure 4. Forces/displacement. Yellow, type I; red, type II.
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Figure 5. The 2-mm displacement. Yellow, type I; red, type II, and blue, type III.

time, the resistance of this type is decreased significantly after
min 6, so that, at the end of the experiment, it presents the
lowest responsiveness (Fig. 6).

After compression of 6 mm, the behavior of the three
models was maintained, with two exceptions: The value differ-
ence between them was significantly low, and the interval peak
disappeared from min 4 of type III. As in the previous case, at
the end of the load, the resistance of type III was found to be
the lowest (Fig. 7).

As the displacement interval increased (8 and 10 mm), the
value differences of resistances between the three types was
reduced while the evolving trend remained. Moreover, type 111
resistance decreased below the one of type I before minute
eight (Fig. 8).

This phenomenon was even more apparent at the 10-mm
displacement when the resistance of type III was the lowest
after only 3 min. Thus, at higher displacements, type III loses
effectiveness. In reality, such a displacement is specifically
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Figure 6. The 4-mm displacement. Yellow, type I; red, type 11, and blue, type III.
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Figure 7. The 6-mm displacement. Yellow, type I; red, type 11, and blue, type III.
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Figure 8. The 8-mm displacement. Yellow, type I; red, type II, and blue, type III.

only examined in vitro, while in vivo, such amplitudes are
impossible in the case of a simple axial load, more evident
in complex applications, composed and, very often, exceed
physiological limits (Fig. 9).

All the above considerations support that: type I is the type
of adequate response to prolonged and average to low-intensity
loads; type II, responds to maximum loads, but for relatively
reduced intervals; while type III is indeed the type with the
uniform behavior, at least in the load margin and physiological
displacements.

Eccentric loading was focused on the reproduction of the
characteristic movements of flexion in the sagittal and frontal
plane. The eccentric placing of the specimens allowed the
bodies' axial loading to reach the edge of the column, followed
by the corresponding ‘pinching’ of the discs in the relevant
plane and correlation distances with angular values.
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Figure 9. The 10-mm displacement. Yellow, type I; red, type II, and blue, type I1I.

The values obtained (Table II) are comparable to those
offered by the existing literature (5), relative to the loads imposed.

It is noteworthy that the mobility in the sagittal plane
(flexion earlier in our case) is much higher than that in the
frontal plane, clearly indicating limited mobility by the inter-
vertebral disc and articular complex by the presence of arches.
Statistical analysis demonstrated the lack of any correlation
values between the two types of movements (R?=0.005507),
underlining the absence of any elements of prediction. An
interesting aspect is that correlations appeared low, statistically
insignificant, even within the same movement in the sagittal
plane between the two levels L1-L3 and L3-L5 (R?*=0.610427),
suggesting the possibility of the emergence of significant
differences in mobility between respective levels. The only
values perfectly correlated were evident in the case of lateral
flexion between the two analysis levels (R?*=0.938386), which
suggests an element of uniformity in this type of mobility. It
is an aspect worthy of considering in the analysis of phase I1I
discopathy etiopathogeny clinically.

The calculation of loads and resistances in the verte-
bral-disc system has always been a concern for many authors,
who employed various calculation and testing methods (6). As
absolute values, in an orthostatic position, a weight of 47 kg
presses on L4-L5 disc; with any change in the position due to
muscle tension, this weight is converted into a load interverte-
bral disc pulpous nucleus between 282 and 726 kg. The longer
the levers and the heavier the weight to lift, the higher the
loads on the pulpous nucleus, which may reach up to 1,200 kg.
In order to increase the accuracy of the determinations, center
probes were placed at the level of the intervertebral discs to
record intra-disc pressure. Experiments have shown that, on
the third lumbar disc, on a 70 kg individual, each disc carries,
in dorsal decubitus position, a pressure of 21 kg, in lateral
decubitus carries 70 kg, sitting position carries 100 kg, with
trunk reclined forward at 45° carries 150 kg, and in sitting
position with the trunk reclined forward at 45° holding a
weight of 20 kg pressure of 210 kg (6).

Despite the limitations, the current study on biomechanical
resistance and the outcome from investigating the axial lumbar
vertebral level, has highlighted several important issues.

Linders and Nuckley were among the first to study the
displacement mechanism of the nucleus pulpous substance
inside the IVD and found that, in the flexion of the spine, the
front of adjoining vertebral plateaus approach and their rear
part is separating, and the nuclear substance moves with part
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Table II. Eccentric loading values.

Sagittal flexion Frontal flexion

Anatomical

sample L1-L3 L3-L5 L1-L3 L3-L5
1 329 20.7 29.7 16.4
2 432 24.1 345 184
3 42.1 214 334 18.6
4 332 20.1 24.6 13.6
5 249 184 354 19.7
6 412 29.1 21.5 11.2
7 36.5 24.1 28.7 154
8 29.7 19.7 284 13.7
9 39.7 20.8 24.3 9.1
10 432 22.7 335 204
11 40.1 20.8 30.1 15.7

Median 3697273 21.99091 29.46364 15.65455

of the mass (most) towards the rear of the IVD, albeit some
of it moves towards the front, while on the right side flexion,
most of the nucleus mass moves to the left and a small part
of it moves to the right (7). The aforementioned studies are
opposed to the hypothesis of the pulpous nucleus as a single
mass, moving like a ‘ball’ inside the IVD.

According to this study, while the vertebral bodies are
rigid systems, the pronounced reduction in the resistance
system is a phenomenon that can be placed exclusively
on adaptive changes that occur in the intervertebral disc.
Resistance-pronounced decrease in the system within minutes
is nothing but a volumetric adaptation to mechanical axial
loads of the intervertebral disc. Decreased mobility in the
system increases stress on the structures, while disc elasticity
prevents this phenomenon. In addition, such considerations are
applicable in the case of the disc at which the degenerative
processes occurred (4,8,9). At present, it is certain that the
resistance of the disc varies depending on the degree of degen-
eration, leading, in turn, to a decreased resistance in cases
of moderate degeneration and increased rigidity, and subse-
quently to a decrease of the force absorption power, in case of
severe degeneration (6,7,10-19). Furthermore, the parallelism
between the load on the one hand, and the disc degeneration,
on the other hand, can engage the fibrous annulus in a vicious
cycle, which invariably results in irreversible ruptures (7).

Another aspect worth mentioning is that, while the preser-
vation of preparations tried, as much as possible, to limit the
biochemical changes that occur in vitro, the experiment was
conducted at ambient temperature and not the average body
temperature, which, in turn, may alter the values obtained.

In the current study, type III, the type considered most
adaptable, represented the majority (55%), i.e., more than
double each of the other two types. It was followed by type I,
the one that, after a swift adjustment to the initial moment,
‘conceded’ resistance in a uniform manner.

In conclusion, the behavior type of the monitored specimens
and especially the results obtained allowed the mapping of
objective parallelism between values found in the current study
and behavior in vivo of the lumbar vertebral segment. A critical

EXPERIMENTAL AND THERAPEUTIC MEDICINE 22: 1192, 2021 5

aspect revealing the degree of objectivity of the study is that
this type of behavior manifested throughout the test interval
of 10 mm, an element confirming that preparations behaved
uniformly, a biomechanical behavior induced obviously by the
morphological substrate. Additionally, monitoring the behavior
of the lumbar complex for long intervals of time after applica-
tion of forces is an original element that allows the evaluator to
determine as objectively as possible, concerning the evolution of
adaptation, the likely degree of disc degeneration. Examination
of disc loads and especially the behavior of vertebral segments
under various load types and values can contribute on the one
hand to identifying the potential etiologies of pathological
manifestations at this level and, on the other hand, to the
development of effective prevention and/or treatment strategies
in the matter. Thus, correlating the disc behavior and the load
makes biomechanics, besides a prognostic factor, a genuine
therapeutic factor in disc regeneration.
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