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Which Geometric Variations in the Cervical Spine influence Vertebral Rotations under Combined
Loading?

Jobin D. John, Gurunathan Saravana Kumar, Mike W J. Arun, Narayan Yoganandan

Abstract Non-physiological loadings on the cervical spine usually act in a combination of moment, axial and
shear forces. Geometric variations can influence the responses of a spine segment. This study used a parametric
cervical spine segment (C5-C6) to study the influence of geometric variations. Fifty finite element models with
variations in disc height, facet angle, facet height, antero-posterior vertebral depth, uncinate processes slope
and segment size were generated. The influence of these geometric parameters on vertebral rotation in flexion-
compression, flexion-distraction, extension-compression, extension-distraction coupled with anterior/posterior
shear was investigated. Sixteen load-cases on the fifty parametric models were simulated for response-surface
based sensitivity analysis of the geometric parameters. The variation due to the geometric parameters were on
an average 30% of mean vertebral rotation in each load case. The sensitivity analysis showed that disc height,
vertebral depth and segmental size influence the vertebral rotation in most loading cases. This may have
implications in gender-based variations observed in inertial loading scenarios. Vertebral depth and size are
gender-dependent, female dimensions being smaller compared to males. The influential geometric variations
identified in this study will be implemented in whole cervical spine parametric model for detailed analysis.
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I. INTRODUCTION

A combined loading of moments, axial force and shear force act on cervical spine segments under most inertial
loading scenarios. For instance, a combination of extension moment, axial compressive force and posterior
shear force act in the lower cervical spine during rear impact whiplash, while it would be a combination of
flexion moment and axial distractive force during a frontal crash. Similarly, various sports and military inertial
and contact loading scenarios result in flexion/extension loading coupled with the axial compression of the
segments [1-2].

Geometric variations in the cervical spine are reported in literature from dissection and radiographic studies.
These variations include that of disc height [3], facet joints [4-7], and vertebral dimensions [8-10]. Some of
these, such as vertebral depth and size are shown to be gender dependent, while few others such as facet slope
has been shown to be age dependent [8]. With very limited experimental data available on the influence of
these geometric variations on spinal responses, finite element (FE) modelling is a useful approach to study such
variations. Laville et al. used a parametric FE model of the cervical spine to show the influence of geometry on
moment-rotation characteristic of motion segments [11]. Parametric FE models were also used to show that
facet joint influence coupled motion especially in lateral bending [12]. These parametric models were used
mainly for clinical studies, simulating low-magnitude moment loads. Experiments performed by Przybyla et al.
reported that bending strength and compressive of male cervical motion segments were more than that of
female segments [13]. Variations in motion between male and female cervical spine segments in whiplash
motion were reported by Stemper et al., with female segments exhibiting more flexibility [14].

FE analysis has been widely used to construct models that predict responses of the human body under non-
physiological loading conditions [15]. FE models of the cervical spine with deformable bone tissues, hyperelastic
intervertebral disc and non-linear rate dependent ligaments have been used in isolated head-neck and
integrated human body studies under various inertial loading conditions [16—18]. All these studies, however,
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used a single representative geometry and hence did not study the influence of geometry variations of the
cervical spine. The objective of this study was to use parametric FE models of cervical spine to investigate the
influence of above mentioned geometric variations on the relative rotation between two adjacent vertebrae
under the influence of various cases of combined loading. Vertebral rotation is an output measure used in
experiments (both post-mortem human subjects(PMHS) [14,19] and volunteers [20]) to evaluate the influence
of inertial loads on cervical spine motion segments as it gives an overall indication of the deformation that
constituent spinal components like facet joint capsules, annulus fibres and ligaments undergo.

Il. METHODS

Finite Element Model of Cervical Spine Segment

A non-linear validated FE model of the cervical spine constructed using hexahedral/quadrilateral mesh was
used in this study [15-16]. The model consisted of C5 and C6 vertebrae, and the intervening soft tissues. The
cortical and cancellous bones were defined using linear elastic definitions with E=16.8 GPa and E= 400 MPa
respectively. The disc annulus ground material was defined using Hill-foam strain energy function (C;=0.115
MPa, C,=2.101 MPa, C3=-0.893 MPa, b;= 4, by= -1, bs=-2) and the annulus fibres were defined using non-linear
orthotropic elastic definition. The disc nucleus was defined as viscoelastic solid (Go=17.8 kPa, Gi1=7.1kPa,
B=1.0/s, K =1720 MPa). The spine ligaments were defined using orthotropic non-linear elastic definitions on
membrane elements with no resistance to compressive forces. Non-linear force-displacements relationships
reported for low and high rate loading reported by Mattucci et al. 2015 was used for ligament definitions [23].
The model was validated separately in flexion, extension, compression, distraction, anterior and posterior shear
[24]

The relative rotation of one vertebra with respect to other was measured from the simulations. This was
obtained by measuring the change in Cobb angle (angle between the intervertebral disc endplates about the
sagittal plane). An axis system based on C5 vertebra orientation was used to define the forces and moments.
Posterior-anterior direction was defined as the positive x-axis, superior-inferior direction was defined as the z-
axis, and y-axis as the normal to these axes.

Geometry Parameterisation and Sensitivity Analysis

Variations in vertebral geometry reported in literature were implemented using mesh morphing method. A
mapping-block based mesh morphing was used to parameterise the geometry of the vertebrae and intervening
soft tissues. In this method, the FE mesh of the spine segment was encapsulated in hexahedral mapping-blocks.
Changes in shape of the vertebral components were achieved using transformations of the shape of mapping-
blocks, which in turn controlled the shape of the FE mesh contained with the respective mapping-blocks [25-
26]. The variations studied in this paper were: disc height variations of 0.8 mm [3], facet articular processes
height variation of 2 mm and facet angle variation of 10° [4,5,27], uncinate slope variation of 5° [28], vertebral
antero-posterior depth variation of 1.5 mm [10] and the size variation of 5% in the whole segment (Figure 1).
Latin-Hypercube sampling of the geometric variations was used as the experimental design to generate 50
models with geometric variations mentioned above. A global sensitivity analysis of these variations was
performed on response surfaces constructed for the different loading cases described below. Response surfaces
were constructed using quadratic polynomial functions. Variance-based Sobol’s indices were used to evaluate
on the polynomial response surface the influence of the geometric variations [29]. Influential geometric
parameters were identified by the percentage contribution with respect to total variation in the output (i.e.
vertebral rotation).

Combined Load Cases

Four combinations of moment-axial force were considered: Flexion-Compression, Flexion-Distraction,
Extension-Compression, Extension-Distraction. The magnitude of the moment was 5Nm and axial force was
300N. For each of the moment-axial force combinations, two directions of shear load- anterior and posterior-
were considered. Shear forces were considered at two load levels: 300N and 150N. These load combinations
resulted in a total of 16 load cases. All the three loads (moment, axial force, and shear force) were linearly
ramped to maximum magnitude and applied simultaneously over 50 ms on the inferior endplate of C5 vertebra.
Fixed boundary condition was applied on the lower nodes of the C6 vertebra. FE solver LS-DYNA R8.1.0 (LSTC)
was used to run 800 simulations in total (16 load cases x 50 parametric models).

- 151 -



IRC-18-22 IRCOBI conference 2018

Uncinate angle Vertebral Depth

(5°) K (1.5 mm)

Facet Height

(2 mm)

Facet Angle

Disc Height

(0.8 mm) (10°)

Fig 1: Finite element model of the cervical spine segment (C5-C6) used in this study is shown. The cervical spine
geometries parameters are labelled, with their range of variation shown in parenthesis. In addition, the size of
the segment was varied by £5%.

IIl. RESULTS

The stiffnesses of the model compared to experiments were as follows (experimental range from Shea et al.
[24] given in parentheses): Flexion 0.64 Nm/° (1.13£0.68 Nm/°), Extension 0.76 Nm/° (1.88+1.18 Nm/°),
Compression 751 N/mm (718+48 N/mm), Distraction 477 N/mm (433+54 N/mm), Anterior Shear 223 N/mm
(183+47 N/mm), Posterior Shear 181 N/mm (162+22 N/mm). The mean vertebral rotation for the various cases
of combined loading and their range of variation due to geometrical variations is given in Figure 2. The
contribution of each geometric variation to change in vertebral rotation is given in Figure 3, in terms of Sobol’s
sensitivity indices (expressed in percentage). Slope of the uncinate process had a negligible contribution in all
cases, and hence not shown in the plots. The percentage variation in vertebral rotation due to the variation in
geometric variation was on an average 30% (Figure 2(b)). The highest percentage variation was seen in
extension compression with an anterior shear of 300N. In flexion, compressive force produced more vertebral
rotation compared to distractive force. In extension, however, no similar trend was observed. Anterior shear
increased vertebral rotation in flexion, while reducing the rotation in extension. The converse was observed for
posterior shear.

Flexion-Compression

In the presence of compressive force, the vertebral flexion rotation varied between 6.1° and 8.9° in posterior
shear, while it varied between 7.4° and 9.7° in anterior shear. The magnitude of shear force influenced the
range of variation when it was in the posterior direction, while it did not have an influence when it was in the
anterior direction. In this loading mode, disc height was the most sensitive geometric variation; followed by
equal influence by vertebral size and depth variations.

Flexion-Distraction

In the presence of axial distraction force, the vertebral flexion rotation varied between 4.4° and 7.2° in
posterior shear, with greater posterior shear resulting in lesser vertebral rotation. In anterior shear, the
vertebral rotation varied between 8.4° and 6.2° and did not depend on the magnitude of shear force. In flexion-
distraction, the sensitive geometric variation was size followed by disc height and vertebral depth.

Extension-Compression

In extension coupled with compressive force, the vertebral rotation varied between 6.8° and 8.8° in posterior
shear. Anterior shear resulted in less vertebral rotation varying in between 3.0° and 6.9°. The magnitude of
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shear influenced the vertebral rotation in anterior shear more than posterior shear. In this loading mode, the
contribution of geometric variations to vertebral rotation variation was highly dependent on the direction and
magnitude of shear force. Variations in the vertebral rotation were highly dependent on facet angle in the
presence of anterior shear, especially at higher magnitude of 300N.

Extension-Distraction

The extension vertebral rotation in the presence of distractive forces was similar to that with compressive
forces. The rotation varied between 7.0° and 9.1° in posterior shear and 3.0° and 6.5°. Anterior shear resulted in
less vertebral rotation compared to posterior shear. The magnitude of shear influenced the vertebral rotation in
anterior shear more than posterior shear. Anterior shear force resulted in facet joint variations (angle and
height) contributing significantly to variations in vertebral rotation.
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Figure 2: (a) The mean of vertebral rotation in each loading case is shown in degrees. The error bars indicate the
range of variation in vertebral rotation in each case. (b) The percentage of variation in vertebral rotation due to
geometric variations for the respective loading cases.

IV. DiscussION

Vertebral rotation is a commonly measured output from volunteer and post-mortem human subject
experiments [14,19,20]. These studies used visual markers to record position and orientation of vertebrae. In
this study the relative rotation of straight lines on respective vertebral endplate about the sagittal plane was
used as the vertebral rotation. The influence of geometric variations on vertebral rotation under various
combinations of moment, axial force and shear force was investigated in this study. The magnitudes of the
loads correspond to low change-in-velocity inertial loadings of the lower cervical spine reported from PMHS and
volunteer studies [30—32]. The loads in these studies ramp up approximately in 50 ms. This time scale was used
in this study to apply loads. Two magnitude levels of shear forces were selected in this study as shear forces was
seen to influence vertebral rotation more than axial force in our preliminary studies [33].

In contrast to the traditional methods of using a model of single geometry, this study used several models
with a range of variations in the geometrical features of the cervical spine. Latin Hypercube sampling was used
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to obtain a uniform and random distribution of parameter values across their range of variations [34]. This
uniformly distributed experimental design also captures interaction between the parameters and aids in
generation of accurate response surfaces for sensitivity analyses. The responses are not expected to be effected
by the mesh shape changes due to morphing as the mesh quality deterioration was shown to be negligible on
this model in our previous study [25]. As the focus of this study was geometric variations, the material and
element definitions similar to widely used recent human body models was used in this study to ensure that the
responses can be compared with these models [12-13].
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Figure 3: Influence of each geometric variation in the sensitivity analysis towards the change in vertebral rotation,
given in terms of percentage influence with respect to total variation of vertebral rotation in each loading case.

PMHS experiments by Deng et al. reported vertebral rotation of 9°t4° under low velocity whiplash loading,
while Stemper et al. reported vertebral rotation of 6°t3° for low velocity whiplash experiments with head-neck
complexes [14,19]. The vertebral rotations in simulations were similar to these experiments. These magnitudes
of vertebral rotations for low velocity loading do not usually cause injuries, though minor soft tissue injuries can
be expected at higher magnitudes of vertebral rotation as reported by Deng et al. The change in vertebral
rotation due to geometrical variations depended on the type of loading (Figure 3). Variation in vertebral depth,
disc height and segment size influenced the vertebral rotation in most loading cases. Variation in facet
geometries influenced the vertebral rotation more in the extension cases, as the facet joints have a limited load
bearing role in flexion. Antero-posterior depth being a gender dependent metric [8,10], this study shows that
the vertebral rotation of the female cervical spine can be expected to be different from the male cervical spine
in most combined loading cases.

Although this study looked at combined loading cases, this model was validated separately for the different
loading modes for lack of experimental data in segmental combined loading cases. The next step would be to
parameterise a whole cervical spine column with the influential geometric variations identified in this study. As
whole cervical spine models take substantially more time to run compared to segmental models, implementing
only the influential variations identified in this study will reduce the number of simulations required for whole
neck sensitivity analysis. Such studies would be imperative in the development of personalized FE models [35].
Studies such as these would also be useful to characterise FE models for gender and age variations, increasing
the utility of virtual human body models in crash and injury assessment programmes. Sensitivity studies will be
instrumental to identify which variations observed in the human population are influential and to reduce the
uncertainty in simulation outputs that arise from these variations.
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V. CONCLUSIONS

This study showed the influence of geometric variations in the cervical spine towards vertebral rotations
under combined loading. The geometric variations considered in this study resulted in an average of 30%
variation in vertebral rotation. Among the geometric variations considered in this study, disc height, antero-
posterior vertebral body depth and segment size influence vertebral rotations in combined loading.
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