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Abstract: Injury of cervical spine is a common injury of locomotor system usually accompanied by 
spinal cord injury, however the injury mechanism of contusion load to the spinal cord is not clear. 
This study aims to investigate its injury mechanism associated with the contusion load, with different 
extents of spinal cord compression. A finite element model of cervical spinal cord was established 
and two scenarios of contusion injury loading conditions, i.e. back-to-front and front-to-back loads, 
were adopted. Four different compression displacements were applied to the middle section of the 
cervical spinal cord. The distributions of von Mises stress in middle transverse cross section were 
obtained from the finite element analysis. For the back-to-front loading scenario, the stress 
concentration was found in the area at and near the central canal and the damage may lead to the 
central canal syndrome from biomechanical point of view. With the front-to-back load, the maximum 
von Mises stress located in central canal area of gray matter when subject to 10% compression, 
whilst it appeared at the anterior horn when the compression increased. For the white matter, the 
maximum von Mises stress appeared in the area of the anterior funiculus. This leads to complicated 
symptoms given rise by damage to multiple locations in the cervical spinal cord. The illustrative 
results demonstrated the need of considering different loading scenarios in understanding the damage 
mechanisms of the cervical spinal cord, particularly when the loading conditions were given rise by 
different pathophysiological causes. 
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1. Introduction 

Injury of cervical spine, a common injury of locomotor system usually accompanied by spinal 
cord injury, could bring heavy burden to patients [1]. The clinical features include incomplete injury 
of the spinal cord, which could lead to such clinical syndromes as central cord syndrome, 
anterior/posterior cord syndrome or Brown-Sequard syndrome. Currently the causes of such clinical 
symptoms and injury mechanisms are still unclear, therefore it is of clinical interest to understand the 
damage mechanism and its interplay with the pathophysiological changes. 

Clinical data such as those obtained from medical imaging can provide useful information for 
the mechanism analysis, diagnosis and treatment of the cervical spinal cord injury. Quencer et al. [2] 
studied MRI images from 11 patients with central cord syndrome. The lesions were found mainly in 
the axons of the lateral funiculus of white matter, while the central area of gray matter showed no 
signs of bleeding. Curt et al. [3] reported that, in central cord syndrome, axons that control hand 
movement are more susceptible than those for lower limb movement, suggesting that axon 
characteristics could have greater influences in neurological dysfunction of the upper limb than the 
lower limbs. Despite of these findings, few biomechanical studies have been reported, possibly due 
to the fact that it is not trivial to design in vivo experiments therefore some parameters cannot be 
measured directly in patients. Same can be said to in vitro studies, as it is difficult in specimen 
preparation, preservation and control of loading conditions. 

Finite Element (FE) has been widely used as a complementary tool to experimental 
biomechanical study and is a candidate to address this issue, particularly in characterising the stress 
and strain distributions. However, it has certain challenges, such as the modelling of soft tissue and 
muscle tension [4,5]. Scifert et al. [6] developed a three-dimensional (3D) FE model to quantify the 
physiological strains and stresses in the cervical spinal cord in C5-C6 motion segment. Li et al. [7] 
conducted an FE analysis of C5-C6 spinal cord and analyze the features of stress distributions in the 
cervical spinal cord under different injury conditions. They concluded that hyperpathia may be 
resulted from injuries at the posterior horn, the anterior funiculus or the fasciculus cuneatus. 
Moreover, Khuyagbaatar et al. [8] studied the von-Mises stress and maximum principal strain in the 
spinal cord as well as its cross-sectional area of cord for three mechanisms of spinal cord injury. 
Afterwards, biomechanical effects on cervical spinal cord and nerve root following laminoplasty 
were compared between open-door and double-door laminoplasty using a similar spinal cord FE 
model [9]. Zareen et al. [10] used a FE model of motor cortex and spinal cord to direct trans-spinal 
direct current stimulation in order to investigate the recovery of corticospinal tract axonal outgrowth 
and motor after cervical contusion spinal cord injury. Although the aforementioned studies provided 
useful data for the investigation of injury mechanisms of spinal cord, anatomical components such as 
pia mater, which may have significant roles in the deformation mechanisms of the spinal cord 
[11–13], were not included. In addition, the variation in loading direction applied and the injury 
process with different extents of spinal cord compression were not taken into account. 

This study aims to establish and validate a 3D FE biomechanical model of cervical spinal cord 
and, more importantly, to investigate its injury mechanism associated with the contusion load, with 
different extents of spinal cord compression. 
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2. Materials and method 

A 3D FE biomechanical model of three segments of the human cervical spinal cord, namely the 
gray matter, white matter and pia mater which were assumed symmetrical with respect to the 
mid-sagittal plane, was proposed here and illustrated in Figure 1. The geometries of the gray matter 
and white matter were recontructed from MR images of a 25 years old male who has no diagnosed 
spine disease. A segment, 60 mm long, of the spinal cord was modeled to represent three vertebrae 
[14] and meshed using 6-node wedge and 8-node hexahedral FE elements. The pia mater, not visible 
in the MR images [15], was modeled as a shell surrounding the white matter, with a thickness of 
0.1 mm [16]. The curvature of the spine, not illustrated here, was obtained from the MR images of 
the volunteer showing lordosis. 

 

Figure 1. The 2D cross section along the transverse plane of the 3D finite element model 
of cervical spinal cord. 

The mechanical properties for all three modeled materials are summarised here in Table 1. The 
nonlinear, hyperelastic Ogden model was employed to model the white and gray matter [8,17]. The 
pia mater was considered to be elastic and its material properties were adopted from previous studies 
[18,19]. The mesh convergence test, where the mesh density of the entire model was doubled or 
halved until convergence, was carried out. 

Table 1. Mechanical properties used in the spinal cord model. 

 Material Properties References 

Gray matter 
Hyperelastic (Ogden): 

Μ = 0.0041 MPa, α = 14.7 
[8,17] 

White matter 
Hyperelastic (Ogden): 

Μ = 0.004 MPa, α = 12.5 
[8,17] 

Pia matter Elastic: E = 2.3 MPa, υ = 0.3 [13,18,19] 

For the validation purpose, compressive forces of 0–0.1 N, in the saggital plane and acting 
perpendicular to the axial direction of the spinal cord, was applied at the middle section of the spinal 
cord. This was considered to match the experimental conditions from the previous study [20], in 
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which the force and deformation of the spinal cord of animal subject to force perpendicular to the 
long axis of the spinal cord were studied. The relationship between the calculated displacement and 
the compressive force was then compared to data extracted from this experimental study [20]. 

In this study, the contusion load was applied from back to front of the spinal cord to represent 
the scenario of compression of the fracture fragment, while the load along the reversed direction, 
i.e. from front to back, was applied to represent that of disc herniation or ligament ossification. The 
load is applied by a rigid cylinder with cross-sectional diameter of 13 mm (scaled to be equivalent 
to the diameter of the lateral cord), as illustrated in Figure 2. The direction of the cylinder is along 
the loading direction, perpendicular to the cervical spinal cord. A set of displacements, equivalent 
to 10% (0.84 mm), 20% (1.68 mm), 30% (2.52 mm) and 40% (3.36 mm) of the sagittal diameter of 
the spinal cord representing different extents of contusion, was applied to the rigid cylinder to the 
spinal cord, as shown. Although different from the way how the load was applied for the purpose of 
validation as aforementioned, applying a displacement enabled the data comparison between two 
different loading conditions (i.e. front-to-back and back-to-front) and made it possible to have 
progressive stages of contusion that can be linked to its severity with reference to the relative 
position among all parts of the spine involved. The FE analysis was carried out in ABAQUS (Valley 
Street, Providence, RI, USA). 

 

Figure 2. Schematic of the proposed finite element model of cervical spinal cord with 
back-to-front load (A) and front-to-back load (B). 

3. Results 

The mesh convergence test was carried out on the proposed spinal cord model using different 
mesh densities, until the maximum deformation and von Mises stress only change by less than 5% 
between two consecutive simulations. As aforementioned, compressive forces of 0–0.1 N in the 
saggital plane and acting perpendicular to the axial direction of the spinal cord, were applied at the 
center section of the spinal cord for validation purpose. The derived displacement is ploted against 
the applied force, in comparison with the data extracted from a previous experimental study [20], as 
shown in Figure 3. The results from the FE model showed a similar trend to the data measured from 
the in vitro experiment. 



2276 

Mathematical Biosciences and Engineering  Volume 17, Issue 3, 2272-2283. 

 

Figure 3. Data comparison between the FE results and previous in vitro data. 

The maximum von Mises stress across the middle transverse section is shown in Figure 4. The 
stress in the pia mater is significantly higher than that in the gray and white matter and, in general, 
the stress is higher in the scenario of front-to-back load than the back-to-front load case. Interestingly, 
under the same loading condition, areas of gray and white matter are in similar stress level, and the 
maximum stress is in gray matter in the case of front-to-back load. 

 

Figure 4. The maximum von Mises stress in the middle transverse cross-section under 
two loading scenarios. Pia_back represents the calculated values in pia matter in the 
scenario of back-to-front load, while pia_front represents values in the scenario of 
front-to-back load.  

3.1. Back-to-front loading scenario 

The von-Mises stress distributions in the transverse cross sections of gray matter with 
back-to-front load were presented in Figure 5. The high level of von Mises stress was mainly located 
at the central canal area of the gray matter under the compression of 10% and 20%. When the 
compression further increases, the distribution of von Mises stress displayed a different pattern and 
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the highest stress area extended to both left and right sides near the central canal. The unified scale 
bar was used for each compression ratio for clear comparison, while cases under different 
compression ratio had different scale bars. 

 

Figure 5. The distribution of von Mises stress in the middle transverse cross section of 
the gray matter under the back-to-front load subject to different compression ratios. Unit 
of stress: MPa. 

 

Figure 6. The distribution of von Mises stress in the middle transverse cross section of 
the white matter under the back-to-front load subject to different compression ratios. Unit 
of stress: MPa. 
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For the white matter with back-to-front load, as shown in Figure 6, the highest von Mises stress 
was located in the central canal area under 10% compression. When the compression ratio increased, 
the pattern of stress distribution changed and the location of maximum stress switched to the area 
closed to anterior median fissure. 

3.2. Front-to-back loading scenario 

The von-Mises stress distributions in the transverse cross sections of gray matter subjected to 
the front-to-back load were presented in Figure 7. The highest von Mises stress was seen at the 
central canal area when subject to 10% compression, whilst it appeared at the anterior horn of the 
spinal cord when the compression increased. 

For the white matter in the scenario of front-to-back load, the highest von Mises stress appeared 
in the area of the anterior funiculus close to anterior median fissure. Such an area was close to the 
location of the highest stress in the gray matter in Figure 7. Unlike the gray matter, the location of 
maximum stress in the white matter remained unchanged when the compression increased. 

 

Figure 7. The distribution of von Mises stress in the middle transverse cross section of 
the gray matter under the front-to-back load subject to different compression ratios. Unit 
of stress: MPa. 
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Figure 8. The distribution of von Mises stress in the middle transverse cross section of 
the white matter under the front-to-back load subject to different compression ratios. Unit 
of stress: MPa. 

In back-to-front loading scenario, the posterior funiculus and posterior median sulcus had the 
largest displacement in posterior-anterior direction. The gray matter was affected less in this 
direction but mainly shifts left and right. In front-to-back loading scenario, the anterior funiculus had 
the largest displacement and the anterior horn was also affected to some extent in anterior-posterior 
direction. 

4. Discussion 

A finite element model of cervical spinal cord was established and two scenarios of contusion 
injury loading conditions, i.e. back-to-front and front-to-back load, were applied. In addition, four 
different compression displacements were applied to the middle section of the cervical spinal cord. 
The maximum of von Mises stress, stress distribution and displacement in middle transverse cross 
section were obtained from the FE analysis and explored for understanding the mechanism of spinal 
cord injury. Through injury biomechanics studies, data may be used to develop appropriate injury 
classification criteria [21], or design more realistic braces and protective gear [22]. 

Stress distribution could provide key information to exploring the damage mechanism of spinal 
cord and has been extensively studied. Since biological tissues in general have nonlinear stress–strain 
responses [23], the hyperelastic material model was utilized for the white and gray matters. Little 
mechanical measurement data was available for human pia matter therefore elastic properties were 
adopted from previous studies [18,19], despite the fact that such data was acquired from animal 
tissue. 

In order to validate the proposed FE model, data from a previous experimental study [20] was 
used. Despite of a similar trend in the load-displacement curves between the experimental and FE 
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data , a certain extent of discrepancy can be observed. This can be resulted, particularly, from the fact 
that the experimental study was conducted on small animals, as well as from the possible difference 
in load contact area which was not reported in the literature. 

The maximum von Mises stress in the middle transverse cross section was obtained from the FE 
model. Kato et al. [24] showed the maximum stress in gray and white matter was 0.06 MPa in a case 
of 40% compression by ossification of the posterior longitudinal ligament, while Khuyagbaata et al. 
[25] showed 0.08 MPa. Therefore, the feasibility of this study is evident from results showing that 
maximum stresses in gray and white matter were from 0.06 MPa to 0.12 MPa in different areas 
under 40% compression. Relative injury possibilities were explored to provide some data for 
discussion about clinical symptoms and injury mechanisms. The stress was significantly greater, by 
an order of magnitude, in the pia matter than the gray and white matters, as shown in Fig.4. The pia 
matter can avoid direct injury to gray matter and white matter and have significant effect on spinal 
cord deformation which is consistent with previous literatures [11,12]. Thus, modelling of pia matter 
is important to the stress analysis of spinal cord using FE approach. Even in the electrically related 
study of the effect of intradural spinal cord stimulation, pia matter was constructed to calculate 
electrochemical stress and showed important feature [26] as well. 

One mechanism of cervical spine injury is high energy injury in the cases of young patients [27], 
however it is unclear how the injury relates to the stress distribution in the spinal cord subject to a 
specific type of loading condition. Firstly, for the gray matter when subjected to the back-to-front 
load, in the cases of 10% and 20% compression, stress was largely concentrated in the region near 
the central canal, which may lead to central cord syndrome. As the compression ratio increases, the 
high stress region propagated to both sides and the stress-induced damage may occur around the 
central canal. This progressive formation and propagation of stress could be key to explaining the 
significant damage to the area at and near the central canal under the high displacement load [28]. On 
the other hand, for the white matter subject to back-to-front load, the highest von Mises stress also 
located in the central canal area in the case of 10% compression. When the compression increased, 
the maximum stress location switched to the area near the anterior median fissure, which was also 
observed in literature [7]. This may be due to the internal geometry of anterior median fissure. In the 
internal, white matter has a similar level of stress compared to that of gray matter which is mainly 
composed of neuronal cell bodies and dendrite. White matter, however, is mainly composed of 
longitudinally fiber bundle and the tissue is relatively tough, therefore is less vulnerable to damage. 
When the spinal cord is under contusion load, the gray matter closer to the central canal is more 
vulnerable to damage, which is in line with what has been reported in literature [29]. The 
compression firstly appeared at the central hematoma of the gray matter [30], gradually propagating 
to the white matter near the anterior funiculus, causing potential damage and further clinical 
symptoms. 

The front-to-back load can be given arise by several degenerative factors, such as disc 
herniation, ligament ossification and osteophyma [31]. The stress is higher than that in the 
back-to-front load, in all three tissue components. Under 10% compression, the highest stress was 
located in the region around central canal, similar to that in the back-to-front load. As a result, 
regions around the central canal may be damaged first and lead to central cord syndrome. Under the 
increasing compression, the anterior horn of the spinal cord became most affected and symptoms of 
anterior cord syndrome may become more predominant. Meanwhile, multiple areas presented high 
levels of stress concentrations subject to a high displacement load, which could account for the 
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appearance of complicated and diverse clinical symptoms. 
This study, as it currently stands, has certain limitations. Firstly, as mentioned above, the 

material property of the pia matter was adopted from an animal study and only elastic properties 
were used. The tendency inferred from the comparison affectd a little as all loading conditions used 
same parameters. Secondly, the contusion load was modeled using the displacement from a rigid 
cylinder. To better reflect both the front-to-back and back-to-front loading conditions given rise by 
compression of adjacent anatomical structures, more complicated geometries of the load sources 
need to be considered. Thirdly, the model has certain simplifications and the dura matter, 
cerebrospinal fluid and nerve roots were not modeled. When the fracture frame hits the spinal cord, 
the cerebrospinal fluid can provide certain buffering effect, which would depend on the strain rate of 
the applied load. Thus the influence of the cerebrospinal fluid to this study maybe small under 
non-impact load. Future developments of the proposed FE model will include more anatomical 
structures to improve its effectiveness in simulating the stress field in cervical spinal cord under 
complex loading conditions. Better experimental data and refinement validation process could 
confirm the estimated results and should be maped out in further investigations. 

5. Conclusion 

The model was firstly compared to the experimental measurements carried out in literature and 
a similar trend was found in the force-deformation data. For the back-to-front loading scenario, the 
stress concentration was found in the area at and near the central canal and the damage may lead to 
the central canal syndrome from biomechanical point of view. As the displacement further increased, 
high levels of von Mises stress were also observed in the area of the anterior median fissure of the 
white matter, and the damage may result in further complications. With the front-to-back load, the 
maximum von Mises stress located in central canal area of gray matter when subject to 10% 
compression, whilst it appeared at the anterior horn when the compression increased. For the white 
matter, the maximum von Mises stress appeared in the area of the anterior funiculus. This leads to 
complicated symptoms given rise by damage to multiple locations in the cervial spinal cord. The 
illustrative results demonstrated the need of considering different loading scenarios in understanding 
the damage mechanisms of the cervial spinal cord, particularly when the loading conditions were 
given rise by different patho-physiological causes. 
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