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Abstract

The role of the ligaments is fundamental in determining the spine biomechanics in physio-
logical and pathological conditions. The anterior longitudinal ligament (ALL) is fundamental
in constraining motions especially in the sagittal plane. The ALL also confines the interverte-
bral discs, preventing herniation. The specific contribution of the ALL has indirectly been
investigated in the past as a part of whole spine segments where the structural flexibility was
measured. The mechanical properties of isolated ALL have been measured as well. The
strain distribution in the ALL has never been measured under pseudo-physiological condi-
tions, as part of multi-vertebra spine segments. This would help elucidate the biomechanical
function of the ALL. The aim of this study was to investigate in depth the biomechanical func-
tion of the ALL in front of the lumbar vertebrae and of the intervertebral disc. Five lumbar
cadaveric spine specimens were subjected to different loading scenarios (flexion-extension,
lateral bending, axial torsion) using a state-of-the-art spine tester. The full-field strain distri-
bution on the anterior surface was measured using digital image correlation (DIC) adapted
and validated for application to spine segments. The measured strain maps were highly
inhomogeneous: the ALL was generally more strained in front of the discs than in front of the
vertebrae, with some locally higher strains both imputable to ligament fibers and related to
local bony defects. The strain distributions were significantly different among the loading
configurations, but also between opposite directions of loading (flexion vs. extension, right
vs. left lateral bending, clockwise vs. counterclockwise torsion). This study allowed for the
first time to assess the biomechanical behaviour of the anterior longitudinal ligament for the
different loading of the spine. We were able to identify both the average trends, and the local
effects related to osteophytes, a key feature indicative of spine degeneration.
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Introduction

The anterior longitudinal ligament (ALL) is a fundamental component of the spine. It covers
the anterior aspect of the spine running along the entire length of the spine [1]. To elucidate
the contribution of the different anatomical elements to the biomechanics of the spine, it is
important to identify the specific behaviour of the ALL. Microdissection and anatomical stud-
ies showed that the ALL comprises distinct layers. More superficial fibers attach to central
regions of the vertebrae, running longitudinally and spanning up to 4-5 functional spinal
units (FSUs—consisting of two vertebrae and one intervertebral disc). Much shorter interme-
diate fibers cover more intervertebral discs (IVDs) and insert onto the anterior aspect of the
adjacent vertebrae, spanning 2-3 FSUs. The deepest layer covers longitudinally and obliquely
(i.e.: alar fibers) a single IVD [2]. The ALL deeper fibers are solidly attached on the periosteum
of the vertebrae and they continue in the external lamellae of the anterior part of the IVD [3].
The ALL has an important role in stabilizing and limiting movements in the sagittal plane, and
in confining the anterior wall of the intervertebral discs (IVD). Its mechanical role has direct
implications on low-back pain, since it limits primary and coupled motions in extension. As
the ALL can prevent the bulging of the IVD, it contributes to maintain the height between two
adjacent vertebrae in flexion. Consequently, the ALL prevents closure of the foraminal spaces
and compression of the nerve roots. Such effects are even more important in case of disc
degeneration. Furthermore, the ALL, like most spine ligaments, is rich with mechanoreceptors
and plays a fundamental role in the neuromotor control [4].

The biomechanical function and strain distribution in the vertebrae and IVD have been
investigated in vitro in detail [5-7]. Often, only FSUs were tested [7,8] whereas multi-vertebra
spine specimens should be preferred in in vitro tests [9] for the investigation of those ligaments
spanning more than one FSU, indeed this represents a more realistic and complete loading condi-
tion. From these tests, the range of motion [10-12] and/or the neutral zone and stiffness [13-15]
under the different physiological loading conditions were evaluated for the different spinal levels.
This type of measurements provides useful information about the global description of the spine
biomechanics, but it is unable to elucidate in detail what happens locally on the spine segment.

The investigations on the spinal ligaments are somehow limited. Specifically, the ALL,
which is one of the strongest ligamentous structure in the spine, has only partially been investi-
gated so far. Generally, the ALL was tested separately at the tissue level: evaluating the mechan-
ical properties of dissected tissue specimens [16-18], and at the system level: evaluating its
structural behaviour when it was included in spine tests [9,19-23]. However, a biomechanical
characterization of the ALL tissue when it was incorporated in the spine, with the typical and
complex loading conditions, is missing. No studies were found in which the strain distribution
was measured on the ALL, in its complete mechanical and anatomical complex, as part of a
multi-vertebra spinal segments, and under different loading conditions representative of phys-
iological loading.

In this work, the evaluation of multi-vertebra spine segments (i.e.: 7/8 vertebrae and 6/7
intervertebral discs) through flexibility tests was integrated with a full-field measurement of
the strain distribution of the anterior surface [24-26]. The overall aim of this study was to
investigate in depth the biomechanical function of the ALL in front of the lumbar vertebrae
(L3-L5) and of the intervertebral discs.

Specifically, we aimed measuring the strain distribution in the ALL for different directions
of motions under pure moments, and so understanding how the strain distribution changes
through the progression of the loading cycle analyzing discrete steps.

We hypothesized the ALL undergoes non-uniform strain distribution when the spine seg-
ment is subjected to pure moments, potentially related to the unique specimens’” anatomy/
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Table 1. Details of the specimens: the first columns report the donor’s information. The last three columns report the radiographic assessment for L4 and L5, evaluated
through CT scans according to [27] (the CT scans for each individual specimen is reported in the S1 Fig). The IVD height loss and osteophytes formations were assessed

morphology (e.g.: presence of osteophytes); moreover, opposite loading directions (e.g.: flex-
ion/extension, or right/left lateral bending, or clockwise/counterclockwise axial torsion) trans-

late to non-mirrored strain distributions.

Materials and methods
Study design

This study was approved by the Institutional Review Board (Ethikkommission) of Ulm Uni-
versity, (Document of approval Nr. 307/17). In order to investigate the strain distribution on
the anterior longitudinal ligament in the lumbar region, cadaveric multi-vertebra spinal seg-
ments were subjected to non-destructive pure moments in different directions, with a state-of-
the-art spine tester. The tests were performed twice on each specimen under identical condi-
tions. Preliminarily, the range of motion was measured, with an optical motion tracking sys-
tem, to allow comparisons of the tests results. Subsequently, the strain distributions on the
anterior surface of the L3-L5 region, were measured by means of digital image correlation
(DIC) with a recently validated protocol, for identifying stretched/compressed regions. The

strain distributions were analyzed firstly qualitatively, and then quantitatively.

Specimens

Five fresh-frozen human thoracolumbar spine segments were obtained through an ethically-
approved international donation program (Science Care Inc., Phoenix, AZ). The donors were
all Caucasian, three males and two females (Table 1). Inclusion criteria were: no history of
spine fracture or major spine deformity; no tumour; physically active, i.e.: ambulatory activities
and daily living activities, up to date of death. The median age of the subjects at the time of
death was 62 years and their median weight was 133 kg. To check the state of degeneration
and determine the bone mineral density (BMD), each specimen was scanned using a calibrated

clinical computed tomography (CT) scanner (Philips Brilliance 64, Philips Healthcare,

according to [27]. Independently of the specimen extension T11-S1 or T12-S1, in all specimens the region of interest was the L3-L5 segment.

Specimen
number

#1

#2

#3

#4

#5

Median

Segment | Gender

T11-S1

T11-S1

T11-S1

T11-S1

T12-S1

M

Age at Height | Weight BMD Disc height loss Osteophytes Overall degree of degeneration—Other

death (cm) (kg) (mg/ formations remarks
(years) cm’)
60 N.A. N.A. 153 No remarks (grade | No osteophytes Healthy
0) (grade 0)
66 183 141 82 Mild (25%, grade 1) Moderate Mild
(grade 2) degenerative
signs (grade 1)
62 178 164 94 Moderate (42%, Moderate Moderate degenerative
grade 2) (grade 2) signs (grade 2)—thickening of L4 anterior
cortical wall.
60 163 114 123 Moderate (40%, Moderate Moderate degenerative signs (grade 2)—
grade 2); (grade 2) mild scoliosis (Cobb angle T12-L5 of 10°);
T12-L1 and concave L5 superior endplate
L4-L5 discs

herniated towards
L1 and L5, resp.

63 157 125 157 Moderate (33%, Severe Moderate degenerate signs
grade 2) (grade 3) (grade 2)

62 170 133 123 - - -

https://doi.org/10.1371/journal.pone.0227210.t001
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Cleveland, USA). The BMD was expressed averaging the measurements collected on the tra-
becular bone of L1, L2 and L3 vertebrae.

The volumetric CT reconstructions of the specimens are available in the S1 Fig, otherwise a
conventional x-rays image (Faxitron 43805N, Hewlett Packard, Palo Alto, USA) is provided.
No critical damages were observed; however, most specimens showed some osteophytes as can
be expected with elderly donors. The osteophytes and reduction of IVD height was quantified
with objective metrics, according to [27].

The soft tissues (muscles, fat) on the anterior side of the spines were carefully removed to
expose the anterior longitudinal ligament and the lateral side of the vertebral bone and of the
intervertebral discs; the posterior elements were left in place [28]. The upper half of the most
cranial vertebra and the lower half of the most caudal vertebra were embedded in poly-methyl-
methacrylate (PMMA, Technovit 3040, Heraeus Kulzer, Werheim, Germany) blocks. After the
preparation, the specimens were frozen in plastic bags at -20°C until the day of the tests. Thaw-
ing at 6°C for 10 h prior to preparation and testing of the specimens were performed within 20
h to avoid alteration of their mechanical properties.

Mechanical loading

All specimens were tested at room temperature (ca. 23°C) and the hydration was preserved
spraying saline solution during the tests. In order to mount the specimens in a universal spine
tester, flanges were fixed to the PMMA blocks [28,29] so that the L3-L5 segment was vertical.
Initially the cranial side was connected to the top of the spine simulator with the gimbal with
three integrated stepper motors (FT 1500/40, Schunk GmbH & Co. KG, Lauffen/Neckar, Ger-
many), then the caudal side with the natural slope for each specimen was fixed on the bottom
side of the testing machine (Fig 1).

Counterclockwise torsion

Clockwise torsion

Left bending . g ™ Flexion
Right bending 5 Extension

- Transverse Plane

Sagite plan®

# 9 F
—’e“é ronta/ Plap,
e

Fig 1. Left: overview of the testing setup showing (a) the DIC cameras, (b) the DIC light system, (c) the optoelectronic cameras and (d) the specimen. Right: detail of the
spine segment. The white-on-black pattern is visible. Also shown is the three-dimensional coordinate system used by the different measurement tools: the transverse
plane of the spine segment corresponds to the xy-plane of the coordinate system, the sagittal plane to the xz-plane and the frontal plane to the yz-plane. The X-axis is

forward, the Y-axis left and the Z-axis cranial.

https://doi.org/10.1371/journal.pone.0227210.g001
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The coordinate system of [28] was used in this work. Each specimen was tested without any
preload in flexion/extension (My), right/left lateral bending (Mx) and clockwise/counterclock-
wise axial torsion (Mz) applying pure moments (M) up to +/-7.5 Nm. Flexion/extension and
lateral bending were applied at a rate of 1°/s, while the axial torsion was applied at a rate of
0.5°/s. As the thoraco-lumbar spine is about twice as stiff in torsion, the rate in torsion was half
of that in bending, so as to reach the fully loaded condition in approximately the same time.
Each test consisted of three consecutive cycles for each direction of loading: the first two cycles
for pre-conditioning, the last one for the actual analysis [30]. All motions started and finished
in the unloaded neutral position. In order to avoid application of any additional undesired
loading component, the specimens were unconstrained in the other uncontrolled five degrees
of freedom. A six-components load cell (FT 1500/40, Schunk GmbH & Co. KG, Lauffen/
Neckar, Germany) measured the moments and the forces applied.

Measurement of structural properties

In order to confirm that the overall kinematics of the specimens was consistent with the litera-
ture, the mechanical tests were first performed with a motion tracking system. Each single ver-
tebra was equipped with three spherical reflective markers, which were attached frontally and
laterally to the vertebral body. The motion of the single vertebrae was simultaneously captured
with six cameras of the optical system (Mod. MX13, Vicon Motion Systems Ltd., Oxford, UK),
synchronized with the mechanical loading apparatus. After evaluating the relative interverte-
bral motions using the software Nexus 1.8.5 (Vicon Motion Systems Ltd.), the kinematic data
were matched with the moment data to analyze the resulting load-deformation curves. The
global range of motion (ROM) as well as the global neutral zone (NZ) of each motion segment
between T12 and the sacrum were quantified using dedicated scripts (in MatLab R2014b,
MathWorks, Natick, USA).

Measurement of the local distribution of the strains

In order to measure the full-field strain distribution on the anterior spinal ligaments, the same
mechanical tests were performed while a 3D DIC system was used. A white-on-black speckle
pattern was prepared before the test on the anterior surface of the specimens following an opti-
mized procedure [25]. The dark background was prepared staining the ALL, the intervertebral
discs and the vertebrae with a solution of methylene-blue (4 g of methylene-blue per 100 ml of
water) until a uniform dark background was obtained. The white dots were created with a
white water-based paint (Q250201 Bianco Opaco, Chreon, Italy) diluted at 40% with water
and sprayed with an airbrush-airgun (AZ3-THE-2, nozzle 1.8 mm, Antes-Iwata, Italy) with
100kPa air pressure, from a distance of 300 mm. Such settings were refined in order to obtain
the optimal size of the speckle dots [31] following a validated protocol [32,33].

The DIC system (Q400, Dantec Dynamics, Denmark) was configured with two 5 Mpixels
cameras (2440x2050, 8-bit, black-and-white) equipped with high-quality metrology-standard
17 mm lens (Xenoplan, Schneider-Kreuznach, Germany; 65 mm equivalent) to acquire images
of the specimens providing a stereoscopic vision. A directional custom system of LEDs (10’000
lumen in total) was placed to light up the specimen with oblique light minimizing the glares
on the specimen typical of direct illumination. The cameras were placed at a distance of 540
mm from the specimen. The cameras were aligned vertically in order to take advantage of the
sensor shape in framing the region of interest (ROI) of the spine segment (three vertebrae and
two intervertebral discs-from L3 to L5) without scarifying the measurement spatial resolution,
Fig 1). In this configuration, the field of view was of about 120 mm by 160 mm, it was depend-
ing on the individual specimen, resulting in a pixel size of about 0.08 mm, and a depth of field
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of 70 mm with the aperture adopted (f/22). Images of the ROI were acquired at 5 frames per
second.

To enable the stereoscopic reconstruction within the measurement volume and correct the
distortion of the lenses, a calibration was performed before each acquisition using a proprie-
tary calibration target (Al4-BMB-9x9, Dantec Dynamics). The analysis of displacements and
strains through correlation of the images was achieved using the proprietary software Istra 4D
(v4.3.1, Dantec Dynamics, Denmark). The maximum (eps;) and minimum (eps,) engineering
principal strains, as well as their direction, were computed using a facet size between 39 and 59
pixels, a grid spacing between the facets of 4 pixels and contour smoothing with a kernel size
of 5x5 facets.

Measurement uncertainties, Metrics and statistical analysis

Uncertainties. The accuracy of the motion tracking system was evaluated using special
custom-made calibration object.

An extensive validation and optimization of the DIC measurement system and protocols
were previously performed [25,33]. Here, an estimation of the unavoidable measurement
uncertainties was performed just before each mechanical test. A couple of images of each
specimen in the unloaded condition (zero-strain) was acquired. The images were analyzed
using the chosen settings. The systematic and random errors were evaluated as the mean
and standard deviation of eps; and eps, over the entire ROI, which theoretically should be
zero.

Metrics and statistics. Global (T12-S1) range of motion (ROM) was defined as the maxi-
mum deflection of the respective motion segment at full load (7.5 Nm). The global neutral
zone (NZ) was evaluated as the difference of the angle at 0 Nm of the hysteresis cycle. The NZ
specifies the motion of the specimen in the unloaded region, representing the laxity [28].

The full-field eps; and eps, maps were computed by the DIC system during the entire load
cycle (https://doi.org/10.6084/m9.figshare.11397951). For a qualitative analysis, the strain
maps, in the region of interest from L3 to L5 were reported for each loading scenario during
the progression of the load.

For a quantitative analysis, two sub-regions of interest (sub-ROIs): in front of the L4 verte-
bra and in front of the L4-L5 IVD, were defined. For each sub-ROls, the strain field at the max-
imum load was analyzed through a MatLab script computing the principal strains medians. To
assess the significance of the difference between the strains in front of the vertebra and in front
of the IVD, the medians over such areas were compared with the two-sample Mann-Whitney
test for each loading scenario. To describe how the principal strains were distributed in the cir-
cumferential direction of the ALL in front of the L4 vertebra and in front of the L4-L5 IVD,
the median over cranio-caudal (vertical) lines were computed, separately, over the vertebra
and over the IVD, both for eps; and eps,, for each specimen. Similarly, to describe how the
principal strains were distributed in the cranio-caudal direction of the ALL in front of the ver-
tebra and in front of the IVD, the median over circumferential (horizontal) lines were com-
puted, separately, over the vertebra and over the IVDs. Then, the data from the five specimens
were pooled and the median trend plotted together with the standard deviation. As the sub-
ROIs were dimensionally different in the different specimens and the number of measurement
points is connected with the physical dimension of the spine segments, the data were re-sam-
pled over the same number of points. In order to assess the significance of alterations of such
distribution of strain in relation to the different loading scenarios, a two-sample Kolmogorov-
Smirnov test was applied both to the circumferential and cranio-caudal strain distributions of
the L4 vertebra and the caudal IVD, discriminating the opposite directions of loading.
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Results

All the tests were successfully performed with no visible damage of the specimens. A prelimi-
nary check of the bending moment-rotation plots from the spine tester confirmed that the dif-
ference between the two series of loading cycles (i.e.: those to measure the structural properties
with the motion tracking system, and those to measure the strain distribution with the DIC)
were smaller than 5° with a rotation of 33" at full load. The only problems encountered was
the poor correlation for flexion-extension for specimen #1 and the loss of the dataset of speci-
men #4 for extension.

Measurement uncertainties

An in-house validation showed that the motion tracking system has an accuracy of better than
0.1 mm and better than 0.1°. The zero-strain tests, before each test, indicated that DIC-mea-
sured strains had a systematic error lower than 20 microstrain and a random error lower than
60 microstrain.

Structural properties

The median global ROM between T12 and the sacrum at 7.5 Nm was 12.0° in flexion-exten-
sion (range: 9.7°-14.6°), 13.6" (range: 12.4°-24.9°) in lateral bending and 7.8" in axial torsion
(range: 4.6°-9.3°). The global NZ between T12 and the sacrum was 3.7° in flexion-extension
(range: 1.9°-5.9°), 6.2° in lateral bending (range: 4.4°-20.1°) and 0.8 in axial torsion (range:
0.2°-1.8°).

Local distribution of strains

The full-field strain maps showed a non-homogeneous distribution in the ALL (Figs 2-7). The
peak values of the maximum and minimum principal strains had the same order of magnitude,
in all loading scenarios. The different loading scenarios generated different strain patterns.
These strain maps allowed to identify which portions of the ALL were actually working, in ten-
sion or compression, and which portions were unstrained (Figs 3, 5 and 7). Some stripes char-
acterized by larger strains were visible in all specimens with a preferential cranio-caudal
orientation (Figs 2, 4 and 6). In most specimens, also some spots with larger strains were visi-
ble, especially close to the endplates.

While common trends were visible in all specimens, inter-specimen differences were found
in association with specific bony-defects and individual defects highlighted by the CT images
(Fig 8).

General trends for flexion/extension. During the application of flexion/extension, strains
increased more pronouncedly, in absolute value, in the ALL in the areas in front of the IVDs,
and especially close to the endplates (Fig 2). The same regions reached the maximum strain
values when the full load was applied. At the maximum flexion, the median eps; and eps, over
the portion of the ALL in front of the L4 vertebra were respectively 3910 microstrain and
-15170 microstrain (median between 5 specimens); in front of the IVDs eps; and eps, were
respectively 19160 and -23020 microstrain. At the maximum extension, the median eps; and
eps, in the ALL in front of L4 were respectively 13890 microstrain and -1890 microstrain
(median between 5 specimens); in front of the IVDs eps; and eps, were respectively 18730 and
-10710 microstrain. The only significant difference was found for flexion between eps; in front
of the IVDs and in front of the L4 vertebra (two-sample Mann-Whitney, Table 2). The median
values for the individual specimens are reported in the S1 Fig.
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Flexion
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Fig 2. Flexion and extension: Maximum (eps,) and minimum (eps ,) principal strain fields during the progression of the loading cycle (0.0, 2.5, 5.0, 7.5 Nm) in
both opposite directions. The images on the left show the actual specimen under load and the correlated (the vertebrae and IVDs are labelled). The false-colours maps
show the non-uniform distribution of strain. The black dashes indicate the principal strain directions. A typical specimen (#2) is shown here. Similar patterns were
observed in all 5 specimens (the strain maps for all the individual specimens are reported in the S1 Fig, S1 and S2 Dataset). A movie of the entire loading cycle is
available on https://doi.org/10.6084/m9.figshare.11397951.

https://doi.org/10.1371/journal.pone.0227210.9002

During flexion, eps; were circumferential, indicating an axial compression. During exten-
sion eps; were directed longitudinally, indicating traction of the ALL. The direction of princi-
pal strains in the ALL did not change during the progression of the load.

The plot showing the distribution of eps; and eps, in the cranio-caudal and circumferential
directions of the ALL highlighted larger strain in front of the discs with respect to the verte-
brae, both in flexion and extension (Fig 3). While in extension, the strains were quite uni-
formly distributed both in the circumferential and in cranio-caudal direction of the vertebra
and disc, in flexion some regions were more strained: the intervertebral disc, at mid-height,
and at its right and left extremities. The distributions of strains were significantly different
between flexion and extension both in the circumferential and in cranio-caudal direction of
the ALL, for eps; only in front of the vertebra, and for eps, both in front of the vertebra and
the IVD (two-sample Kolmogorov-Smirnov, Table 3).

General trends for lateral bending. During the application of lateral bending (Fig 4),
strains markedly increased in regions both in front of the IVDs and in front of the vertebra.
Those regions initially more strained, also reached the maximum strain values at full load. The
median eps; and eps;, in front of the vertebra, at the maximum left bending, were respectively
4250 microstrain and -6600 microstrain; in front of the IVDs were 8510 microstrain and
-10090 microstrain. The median eps; and eps, in front of the vertebra, at the maximum right
bending, were respectively 6363 microstrain and -9570 microstrain; in front of the IVDs were
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Fig 3. Flexion and extension at the maximum loading (7.5 Nm): to describe the strain distribution of the ALL in the circumferential direction, the median over
cranio-caudal lines were computed in the sub-ROI in front of the L4 vertebra and in the sub-ROI in front of the L4-L5 IVD. Similarly, to describe the strain
distribution of the ALL in the cranio-caudal direction, the median over circumferential lines were computed in the sub-ROI in front of the L4 vertebra and in the sub-
ROl in front of the L4-L5 IVD. The plots show the distribution ofeps, (red) and eps , (blue) circumferentially the L4 and the IVD (purple lines) and in the cranio-caudal
direction of L4 and the IVD (green lines). The median and standard deviation within the five specimens are reported.

https://doi.org/10.1371/journal.pone.0227210.9003

respectively 15590 microstrain and -11030 microstrain. None of these differences between the
vertebra and the IVD was statistically significant (two-sample Mann-Whitney, Table 2). The
median values for the individual specimens are reported in the S1 Fig. The eps; had circumfer-
ential direction in the compressed side (left side for the left lateral bending, and vice versa) and
longitudinal direction in the tensile side (right side for the left lateral bending, and vice versa).

The trends of strain circumferentially the spine segment for the right and left lateral bend-
ing were mirrored with respect to the vertical axis (Fig 5). However, there were differences in
magnitude, with larger strains for the right lateral bending, compared to left. No large differ-
ences between the two lateral bending scenarios were found in the cranio-caudal strain distri-
bution of the spine segment. The distribution of strains over the vertebra L4 were significantly
different between right and left bending, with the exception of eps; circumferentially the verte-
bra; the distribution over the IVD were significantly different, with the exception of eps, cir-
cumferentially the IVD (two-sample Kolmogorov-Smirnov, Table 3).

General trends for axial torsion. During the application of torsion (Fig 6), the strains
had a visible twisting trend and increased more pronouncedly in front of the IVD. The median
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Fig 4. Lateral bending: Maximum (eps ;) and minimum (eps ,) principal strain fields during the progression of the loading cycle (0.0, 2.5, 5.0, 7.5 Nm) in both
opposite directions. The images on the left show the actual specimen under load and the correlated (the vertebrae and IVDs are labelled). The false-colours maps show
the non-uniform distribution of strain. The black dashes indicate the principal strain directions. A typical specimen (#2) is shown here. Similar patterns were observed
in all 5 specimens (the strain maps for all the individual specimens are reported in the S1 Fig, S1 and S2 Dataset). A movie of the entire loading cycle is available on

https://doi.org/10.6084/m9.figshare.11397951.

https:/doi.org/10.1371/journal.pone.0227210.9g004

eps; and eps,, at the maximum clockwise torsion, in front of the vertebra were respectively
7720 microstrain and -5180 microstrain; in front of the IVDs were respectively 23170 micro-
strain and -23420 microstrain. The median eps; and eps,, at the maximum counterclockwise
torsion, in front of the vertebrae were respectively 7350 microstrain and -3860 microstrain; in
front of the IVDs were 38880 microstrain and -31340 microstrain. All these differences
between the vertebra and the IVD were statistically significant (two-sample Mann-Whitney,
Table 2). The median values for the individual specimens are reported in the S1 Fig. Although
the magnitude of the moment in both direction of torsion was the same, the magnitude of the
eps; for clockwise and counterclockwise were different; conversely the eps, were similar
between clockwise and counterclockwise torsions. The eps; were roughly oriented at +45° for
clockwise torsion and -45° for counterclockwise torsion both on the vertebrae and interverte-
bral discs.

The plot of the strain in the circumferential direction of the ALL showed a pattern mirrored
with respect to the vertical axis for clockwise and counterclockwise torsions (Fig 7). No differ-
ences were present in terms on magnitude between the two axial torsion scenarios. The distri-
bution of strains in the cranio-caudal direction of the ALL in front of the vertebra was
significantly different between clockwise and counterclockwise torsion only for eps,; con-
versely, the distributions in the discs were significantly different in all cases (two-sample Kol-
mogorov-Smirnov, Table 3).
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Fig 5. Lateral bending at the maximum loading (7.5 Nm): to describe the strain distribution of the ALL in the circumferential direction L, the median over
cranio-caudal lines were computed in the sub-ROI in front of the L4 vertebra and in the sub-ROI in front of the L4-L5 IVD. Similarly, to describe the strain
distribution of the ALL in the cranio-caudal direction, the median over circumferential lines were computed in the sub-ROI in front of the L4 vertebra and in the sub-

ROl in front of the L4-L5 IVD. The plots show the distribution of eps ; (red) and eps , (blue) circumferentially the L4 and the IVD (purple lines) and in the cranio-
caudal direction of the L4 and the IVD (green lines). The median and standard deviation within the five specimens are reported.

https://doi.org/10.1371/journal.pone.0227210.g005

Specimen-specific analysis

The specific findings for the individual specimens are reported in terms of strain distribution

(Fig 8), also in relation to the peculiar bony-defects (e.g.: osteophytes, scoliosis, etc) of each
specimen (Table 1):

« Specimen #1: this specimen was considered healthy based only on x-ray imaging, the CT
scan was not available. The strain patterns showed a right/left symmetry for both flexion and
extension, and a mirrored distribution of strains for right vs. left lateral bending, and for
clockwise vs. counterclockwise torsion.

« Specimen #2: moderate osteophytes were visible at the both endplates of L4 and on the cra-
nial endplate of L5. The L4-L5 segment had a score for the osteophyte formation of 11
points, equivalent to Grade 2 according to [27]. The DIC analysis highlighted some local
intensification of the strain distribution in the ALL in front of the L4-L5 IVD, in correspon-
dence of these osteophytes for all loading scenarios with exception of the left bending.
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Fig 6. Axial Torsion: Maximum (eps ;) and minimum (eps ) principal strain fields during the progression of the loading cycle (0.0, 2.5, 5.0, 7.5 Nm) in both
opposite directions. The images on the left show the actual specimen under load and the correlated (the vertebrae and IVDs are labelled). The false-colours maps show
the non-uniform distribution of strain. The black dashes indicate the principal strain directions. A typical specimen (#2) is shown here. Similar patterns were observed
in all 5 specimens (the strain maps for all the individual specimens are reported in the S1 Fig, S1 and S2 Dataset). A movie of the entire loading cycle is available on
https://doi.org/10.6084/m9.figshare.11397951.

https://doi.org/10.1371/journal.pone.0227210.9g006

Furthermore, a local thickening of the anterior wall of the vertebral body of L4 was visible in
the CT scan. This corresponded to a region with lower strains in front of L4.

Specimen #3: the CT images exhibited moderate degenerative signs, with prominent osteo-
phytes on the cranial endplates of L4 and of L5 (i.e.: one on the right, one on the left of each
vertebra), which could act as strain concentrators cranially, while shielding the strains in the
ALL surrounding them. The L4-L5 segment had a score for the osteophyte formation of 11
points, equivalent to a Grade 2. The DIC analysis showed an intensification of the strains in
front of L3-L4 and L4-L5 IVDs, in the most cranial portion of the disc, and areas with much
lower strains caudal to these spots.

Specimen #4: this specimen was mildly scoliotic with a Cobb angle T12-L5 of 10° and con-
cavity on the right side. The DIC analysis showed a non-mirrored strain pattern between
right and left lateral bending, and between clockwise and counterclockwise torsion. Further-
more, it had several osteophytes at all endplates. The L4-L5 segment had a score for the
osteophyte formation of 15 points, equivalent to a Grade 2. The DIC analysis revealed strain
concentrations near such osteophytes. The largest osteophyte projected upwards from the
central-left margin of the superior endplate of L5 partially covering the caudal portion of the
L4-L5IVD. In this area a strain attenuation was visible in the area where the osteophyte cov-
ered the IVD, especially for flexion.
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Fig 7. Axial Torsion at the maximum loading (7.5 Nm): to describe the strain distribution of the ALL in the circumferential direction, the median over cranio-
caudal lines were computed in the sub-ROI in front of the L4 vertebra and in the sub-ROI in front of the L4-L5 IVD. Similarly, to describe the strain distribution of
the ALL in the cranio-caudal direction, the median over circumferential lines were computed in the sub-ROI in front of the L4 vertebra and in the sub-ROI in front of
the L4-L5 IVD. The plots show the distribution of eps ; (red) and eps , (blue) circumferential direction of the L4 and the IVD (purple lines) and in the cranio-caudal
direction of the L4 and the IVD (green lines). The median and standard deviation within the five specimens are reported.

https://doi.org/10.1371/journal.pone.0227210.g007

o Specimen #5: the CT images showed that this specimen had prominent osteophytes on the
right and left sides of the cranial endplates of L5. The L4-L5 segment had a score for the
osteophyte formation of 17 points, equivalent to a Grade 3. The strain distributions showed
an intensification in the right and left areas circumferentially the L4-L5 IVD in flexion.

More details about the individual specimens, the distribution of strains of the vertebrae and
IVD in the circumferential and cranio-caudal directions can be found in the S1 Fig, S1 and S2
Dataset.

Discussion

The aim of this work was to explore the biomechanical behaviour of the most superficial layer
of the anterior longitudinal ligament focusing on the anterior aspect of the lumbar vertebrae
and intervertebral disc, applying a new paradigm. Structural flexibility tests and local strain
analysis were performed on the anterior surface of spine segments loaded in flexion/extension,
lateral bending and torsion. The hypotheses of the work were that: (i) the strain field on the
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Fig 8. Specimen-specific analysis of the strain distribution: the CT images of each specimen are reported on the left (for Specimen #1 the CT was not available).
On the right, the distribution of the maximum principal strain (eps, ) are plotted for each loading condition, at full load (7.5 Nm). The minimum principal strain (eps,)
and the analysis of the circumferential and cranio-caudal distribution of strain of the vertebra and the IVD are reported in the S1 Fig, S1 and S2 Dataset.
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Table 2. The reported p-values show the statistical significance of the difference between the median on the verte-
brae and intervertebral discs for the same loading condition (two-sample Mann-Whitney test). The median of
strains on the ALL in front of the L4 vertebra and the L4-L5 intervertebral disc were examined.

Maximum princ strain

Minimum princ strain

(eps1) (eps2)
Vertebra Vs IVD Vertebra Vs IVD
Flexion p=0.03 (") p=0.34
Extension p=0.10 p=0.70
Left Bending p=0.10 p=0.42
Right Bending p =0.06 p=0.31
Clockwise torsion p=0.03 (") p=0.01(")
Counterclockwise torsion p=0.03(*) p=0.02 (")

Note

(*) highlights significant differences (p<0.05).

https://doi.org/10.1371/journal.pone.0227210.t002
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Table 3. The reported p-values show the statistical significance of the difference between the trends for opposite
directions of loading (two-sample Kolmogorov-Smirnov). The distribution of strains (Figs 5, 6 and 7) in the cranio-
caudal direction of the L4 vertebra and the L4-L5 intervertebral disc (computed as median strains over circumferential
lines), and the distribution of strains in the circumferential direction of the L4 vertebra and the L4-L5 intervertebral
disc (computed as median strains over cranio-caudal lines) were examined for the different loading scenarios.

Maximum princ strain Minimum princ strain
(epsy) (epsz)
Position, direction Flexion Vs Extension
L4, cranio-caudal p=89x 107 (*) p=238x 1073 (*)
IVD, cranio-caudal p=74x10" p=18x107% (")
L4, circumferential p=13x10"7 (%) p=82x107(*)
IVD, circumferential p=52x10" p=35x107" (")
Right Vs Left
Lateral Bending
L4, cranio-caudal p=15x 107* (%) p=24x 1078 (*)
IVD, cranio-caudal p=>53x 107 (*) p=16x 107 (*)
L4, circumferential p=15x10" p=28x107%(*)
IVD, circumferential p=14x107>(%) p=82x107"

Clockwise Vs Counterclockwise
Axial Torsion

L4, cranio-caudal p=82x10" p=68x107>(*)
IVD, cranio-caudal p=42x 107 (*) p=24x 107 (*)
L4, circumferential p=15x 107! p=37x 107!

IVD, circumferential p=19x10"%(") p=39x107% (")

Note
(*) highlights significant differences (p<0.05)

https://doi.org/10.1371/journal.pone.0227210.t003

surface of the ALL is not homogeneous between different regions (i.e.: in front of the vertebrae
and of the intervertebral discs); (ii) the strain distribution is not homogenous within each such
region, possibly due to specific bony-defects; (iii) inside the same region the strain field
depends on the different loading scenarios; and (iv) opposite directions of loading translate to
non-mirrored strain distributions.

In order to test these hypotheses, segments of multi-vertebra human spine segments, to
reproduce a better loading transmission on the ALL, were used. Each specimen was tested in
flexion/extension, lateral bending and axial torsion up to 7.5 Nm with a state-of-the-art spine
tester [29]. The global ranges of motion and neutral zones were identified for each specimen
and each loading scenario through flexibility tests using optical motion tracking system. These
data were integrated with a full-field measurement of the strain distribution in front of 3 lum-
bar vertebrae and intervertebral discs using a validated digital image correlation approach
[25,34].

The global range of motion under load and the evaluation of the neutral zone, for the differ-
ent loading scenarios, confirmed the typical trend and values for human lumbar spine, as
reported in the Busscher et al. work [10,35]. They showed that segments from L1 to L4 at 4
Nm had a range of motion of 5° in flexion/extension, 6° in lateral bending and 2° in axial tor-
sion. These results were in accordance with our study, indeed for L1-L4 segments at 4 Nm the
following range of motion were obtained: 5.6° flexion/extension, 7.8 lateral bending and 2.9°
axial torsion. The full-field strain maps (Figs 2, 4 and 6 and S1 Fig) highlighted the non-homo-
geneity of strain in the different areas of the ALL: different trends were observed both in the
cranio-caudal and circumferential direction of the ALL for the different loading conditions
(Figs 3, 5 and 7 and S1 Fig). The strain fields suggested that some fibers were pronouncedly
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more strained than the rest of the ALL during loading, both in front of the vertebra and of the
IVDs. Furthermore, there was a clear effect of the stress concentrators: in most specimens, also
some spots with larger strains were visible, especially close to the endplates. No strain concen-
tration was detected close to the markers screws insertions, confirming that the ALL was not
damaged during the flexibility test. A detailed inspection of the CT scans of the specimens
highlighted that such strain concentrations corresponded to the position of local osteophytes
and bony-defects (See Fig 8 and the S1 Fig for details). For instance, protruding osteophytes
were associated with strain concentrations towards the tip of the osteophyte, but shielded the
ALL in the areas where the osteophyte covered the IVD. Interestingly, despite osteophytes
were found to reduce the flexibility of a severely degenerated spine [36,37], our results may
contribute in elucidating the underlying biomechanical principles. A possible interpretation,
suggested by the peculiar morphology of the osteophytes protruding from the endplates, may
be that the relative distance of the outer ALL layers from to the instantaneous center of rota-
tion of the FSU (i.e. lever arm) [38] is increased, thus, resulting in a higher local strain. A fur-
ther characterization of the local tissue composition and properties would be needed in order
to clarify this aspect.

The most strained portion of the ALL superficial layers was in front of the IVDs with a
strain magnitude that was between 1.15 and 8.12 times larger than in front of the vertebrae
(Figs 2, 4 and 6); these differences were statistically significant only for some loading scenarios
(Table 2). This condition could be due to a series of reasons: the ALL in IVDs regions is thin-
ner compared to the regions in front of the vertebrae [16], the ALL deep layers are less con-
strained in front of the IVD than in front of the vertebra [1], in front of the IVD the ALL is
subjected to the large deformation of the IVD itself [23]. It is worth noting that, while the ver-
tebral bone is at least two orders of magnitude stiffer than the adjacent IVD [39-41], the differ-
ences in strain of the superficial layer of the ALL in front of the vertebra and disc were
relatively smaller: this is probably explained by the fact that the ALL act as a long ribbon, span-
ning across multiple FSU, with some motion relative to the underlying bone. Among the dif-
ferent direction of bending (flexion, extension, and lateral bending), flexion resulted in the
highest strains and therefore seemed the most demanding loading scenario for the ligament
(Fig 2). In fact, due to the action of the underlying pressurized and bulging discs, the ALL is
largely strained circumferentially. During flexion, the ALL can provide only a limited direct
contribution to the spinal stability [42]. However, the presence of large strains in the ALL
seems to be due to anterior disc bulging during flexion, and indicates a role of the ALL in pro-
tecting the discs against herniation on the anterior face. Such a finding is consistent with [22],
who observed that strain increased in the anterior portion of the IVD after ALL removal. Nev-
ertheless, the ALL may have a significant bi-axial pre-strain in vivo depending on the region
where it is attached (IVD or vertebra) [3,16]. As the only way to measure a pre-strain is
through destructive testing, this phenomenon cannot be captured by our current non-destruc-
tive analysis.

Also in extension the ALL in front of the IVD and of L4 underwent an appreciable longitu-
dinal strain, confirming the important mechanical role of ALL in constraining extension, in
conjunction with the action of the facet joints [41].

Lateral bending seemed to be the loading scenario that strained less the ALL in terms of
absolute values of strains. This is due because the ALL covers the regions in proximity of the
neutral axis for lateral bending. Nevertheless, the strain distribution during right and left lat-
eral bending was rather mirrored with respect to the vertical axis in front of the disc but not in
front of the vertebra (Figs 4 and 5, and Table 3). While the strains in the circumferential direc-
tion of the ALL for the left lateral bending showed the trend that one would expect based on
the distribution of tension/compression in bending, this trend was not confirmed for right
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lateral bending. It is possible to hypothesize that this systematic difference was due to the scoli-
osis of the donors. Unfortunately, no information was available about their dominant side
(left-handed or right-handed) that could influence this systematic difference.

The torsional scenario was associated with large strains in the ALL, with smaller differences
between the regions in front of the vertebrae and of the IVD (Fig 6). The lack of symmetry
between right and left torsion (Fig 7 and Table 3) could again be explained by some asymmetry
due to laterality of the donors. Furthermore, scoliotic specimens showed different strain maps
between bending in the two directions, and between the two opposite directions of torsion.
Therefore, not only we were able to identify general trends, but also to detect localized effect of
large and small anatomical anomalies.

To the best authors’ knowledge, this is the first work where the full-field strain distributions
were computed on the ALL in lumbar spine segments. Previous works explored the mechani-
cal behaviour of ALL through strain analysis. [20,21] measured the mechanical properties of
the ALL in situ under pure tension, after removal of the IVD. The evaluation of the tensile
strain was performed on macro-regions of the ALL: insertions and free-length, in the cranio-
caudal direction of the ALL; outer and central regions, circumferentially the ALL. They
showed larger strain in the substance and outer regions of the ligaments, similar to the present
study. [22,23,43] evaluated the strain on the entire surface of the intervertebral discs through a
laser scanner device while the FSU segments was loaded in the same spine tester and the same
conditions as the present work. The strain magnitude and distribution reported in those
papers are comparable with the median strains obtained in the present work, confirming the
suitability of the measurement technique and corroborating the present results.

Other works studied the mechanical properties of the ALL removing it from the spine and
testing it in pure tensile tests. These conditions were far from the scenarios implemented in
the present study; nevertheless some qualitative comparisons are possible. [16-18] revealed the
weakness of the ALL at the level of the IVDs. Unfortunately, the non-destructive testing proce-
dure did not allow to analyze the different layers of the ALL and how each layer influenced the
strain distribution. According to our observations, we can surely appreciate that under consis-
tent loading conditions, specific regions of different specimens lead to comparable strain
patterns.

A limitation of the present work is the sample size: five specimens have a limited statistical
power. It worth noticing that the results here reported are in agreement with the kinematics
data reported for a larger specimens’ cohort [44]. As this study is extremely demanding in
terms of costs, testing and strain analysis, it was not possible to extend to a larger sample. How-
ever, the differences between the different anatomical regions, and between loading scenarios
were sufficiently large to show statistical significance in most cases.

Some specimens showed some typical defects of elderly donors, such as osteophytes and
consequent disc degeneration. Our detailed DIC strain investigation on the region of interest
allowed identifying the associated perturbations on the strain distributions. However, some of
the results may be biased by a relatively high BMI of the donors, and a relatively low BMD.
While the present findings are directly applicable to spines of subjects with similar BMI, an
extension to cases with normal BMI is possible because the donors were physically active until
death, and therefore their ALL can be expected to have normal mechanical properties. Con-
versely, slightly different behaviour would possibly be observed in healthier spines with differ-
ent BMD: the bone/ligaments insertions would play a fundamental role, in particular their
stiffness could modify the local behaviour of the ALL.

The experimental setup had intrinsic limitations such as the reduced loading rate, which is
far from physiological [45]. This was necessary to ensure that the soft tissues were not sub-
jected to trauma, and a series of cycles can be repeated [30]. Furthermore, the focus of this
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study was not on the absolute magnitude of the strains which would be affected by the loading
rate, but on a comparison between different regions and different loading scenarios under
quasi-static loading conditions. Although, muscles forces and weight contribution were not
considered in the current study, pure unconstrained moments remains the preferred option
for in vitro reproducing relevant loading conditions [28]. Furthermore, this loading condition
allows better control and reproducibility compared to follower loads (an experimental tech-
nique for applying compressive loads along the whole spine segment) or a compressive load
[46-48].

The accuracy and precision of the DIC was optimized for each acquisition; however, testing
fresh specimens entailed leakages of biological fluid that can lead to some local loss of correla-
tion [25]. In the worst case, correlation was lost on 20% of the region of interest. Nevertheless,
the entire acquisition and post-processing protocol allowed to clearly show what happened in
the different specimens and different loading conditions. Finally, only what happened on the
visible surface of the ligaments was evaluated. Currently, it is the only possible compromise to
study the ALL in physiological range of motion.

Conclusions

This is the first time that the distribution of strain in the anterior longitudinal ligament was
measured in multi-vertebra intact spine segments. The obtained results showed the non-uni-
form strain distribution, under the different loading scenarios. The vertebrae and interverte-
bral discs, with their peculiar defects (e.g.: osteophytes, etc.) played a fundamental role in
defining the behaviour of the ALL. The current analysis including a spine tester and an unpre-
ceded measurement of the strain distribution is so detailed that not only we could investigate
the average effects of the different loading scenarios, but also the local effect that subject-spe-
cific defects may have on strain distribution. These results suggested again the importance of a
full-field strain analysis to understand the biomechanics of the human spine and the interac-
tion between different tissue types. This work could be the starting point for future studies
where the effect of surgical procedures will be compared with intact spines.

Supporting information

S1 Fig. Specimens analysis. For each specimen (#1 to #5, in separate sheets) the following are
reported:

o Left: An image of the specimen with an indication of the vertebrae and disc under consider-
ation, and of the sub-ROIs where strains were computed along and around the ALL in front of
the L4 vertebra and in front of the L4-L5 IVD.

« For each loading scenario, the maps of the maximum (eps;) and minimum (eps,) engineer-
ing principal strains are shown in the top images. Below each loading scenario, the distribu-
tions of the maximum (eps;) and minimum (eps,) strains are plotted around and along the
ALL, both in front of the L4 vertebra and of the L4-L5 IVD.

« On the right, a volumetric reconstruction of the vertebrae from the CT scan is reported: the
circles highlight the osteophytes, graded as 1 (<3 mm, yellow circle), 2 (between 3 and 6 mm,
orange circle) or 3 (>6 mm, red circle) according to [27]

The table at the bottom right reports the median strains (maximum (eps;) and minimum
(eps,) engineering principal strains) both in front of the L4 vertebra and in front of the L4-L5
IVD, for each loading scenario (flexion, extension, right bending, left bending, clockwise tor-
sion, counterclockwise torsion).

(PDF)
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S1 Dataset. Raw data at max load. The maximum (epsl) and minimum (eps2) principal
strains measured through the Digital Image Correlation on each specimen were reported with
their spatial coordinates.

(XLSX)

S2 Dataset. Markers for local analysis. The spatial coordinates of the regions of interest in
front of the vertebra and the in front of the intervertebral disc were reported for each specimen
for each loading condition in both the directions.

(XLSX)
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