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ABSTRACT

Study design: Prospective case-control study.

Objective: Aim of the study was to assess critical values of mechanical stress and strain in the cervical spinal cord based on the
Finite Element Method (FEM) simulations of specified clinical cases.

Summary of background data: The knowledge about the values and distribution of tension and deformation, which are noted
at the moment of traumatic spinal cord injury (tSCI) may enable determination of the range of primary and secondary injury.
Methods: Total of 28 patients after cervical spine (C-spine) injury were enrolled, 14 with neurological symptoms of tSCI (study
group, SG) and 14 neurologically intact (control group, CG). Both groups were age and sex matched. A three-dimensional (3D)
numerical model of the cervical spinal cord containing dura and pia matter together with denticulate ligament was created. The
variable boundary conditions were established individually for each case and allowed to reconstruct the moment of the injury in
computer environment. Factors differentiating between SG and CG were tested with multiple logistic regression model. The
predictors of ASIA scale outcomes were evaluated in the ordinal multinomial probit regression model.

Results: There were no correlations between age, sex and the level of injury and the values of stress and strain. The results in
longitudinal axis (z), in stress (OR-6.3; 95%CI 3.94-8.78; p < .033) and strain (OR-7.8; 95%CI 3.03-10.19; p < .046) were the
risk factors of neurological deficits after tSCI. The cut off value for stress was 8.1 kPa (sensitivity-85.7%; specificity-78.6%;
AUC-0.819, p < .001), and for strain 0.0117 (sensitivity-92.9%; specificity-72.5%; AUC-0.645, p < .001). Results in the
longitudinal axis (z), in stress and strain correspond with grading in ASIA scale. One grade change in ASIA scale correlates with
the decrease in z axis by 4.01 kPa and 0.012 in stress and strain respectively.

Conclusions: The severity of damage of osseous and ligament structures of the spine, significantly influences the range of the
mechanical stress applied to the spinal cord. Neural tissue of the spinal cord is the most resistant to the mechanical stimulus
acting in sagittal direction, distraction appears to be the most destructive component of the injury phenomenon.
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1. INTRODUCTION

The traumatic spinal cord injury (tSCI) occurs as a result of a
mechanical stimulus applied to the fragile neural tissue.['
The load applied to the spinal cord at the moment of injury is
most often the derivative of forces, which lead to a rapid con-
tact between bony elements or fragments of the intervertebral
disc and the spinal cord.

Based on the results reported by Maikos et al.) it may be
concluded that the knowledge about the values and distri-
butions of stress and deformation, which are noted at the
moment of SCI, may enable determination of the range of
primary and secondary injury.[>7! This would possibly al-
low the precise and reliable predicting of actual extent of
tSCI and remote neurological after-effects of the secondary
injury.[®9!

Due to the significant progress in the field of IT sciences, it
is currently possible to visualise and analyse the phenomena
accompanying the tSCI in the environment of computer ap-
plications. The most popular tool used for this purpose is
the Finite Element Method (FEM). The FEM enables to con-
duct the studies on objects’ strength, deformation, tension,
displacement, heat transfer and liquid transfer simulation
performed in computer mechanics. The subjects of interest
in the study may also be dynamics, kinematics and statics
of physical systems, electrostatic, magnetostatic and electro-
magnetic interactions.!!%!31 Its usefulness in the analysis of
clinical tSCI cases was documented previously.!'®18 Numer-
ous studies on the distribution of spinal cord deformations
at the moment of injury were conducted in the past.[*319-22!
According to our knowledge there was no clinical study de-
scribing critical values of mechanical stress and strain for the
cervical spinal cord performed previously.

Aim of the study was to assess the ranges of relatively safe
and critical values of mechanical stress and strain in partic-
ular zones of the spinal cord cross-section based on FEM
simulations and strength analyses of specified clinical cases.

2. MATERIAL AND METHODS

The study has been approved by the Local Ethics Committee,
each patient signed a written consent. 28 patients subjected
injury to the cervical spine (C-spine) comprised the clinical
material. This group included 14 patients with neurological
symptoms of tSCI after high velocity cervical spine injury
[road traffic accidents, falls from a high and diving] (study
group, SG) and 14 patients without symptoms of spinal cord
injury (control group, CG).

Inclusion criteria: Age from 16 to 65 years; High velocity in-
jury to the cervical spine excluding penetrating injuries (e.g.
gunshot); The time between the injury and admission no
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longer than 12 hours; Lack of symptoms of severe systemic
disease (e.g. sepsis, infection with HIV/HBV/HCV virus,
neoplasmatic disease, diabetes, multiple sclerosis); Lack of
previous injuries in the central and peripheral nervous system
which may disturb an assessment of the neurological state of
the patient.

The classification of the mechanism of spine injury was
conducted according to recommendations developed by
AOSpine group dividing subaxial injuries to the cervical
spine depending on the mechanism and morphology.!?3:24!
As per AOSpine classification stable compressive fractures,
related predominantly to the axial load, were assigned the
letter A; fractures with the involvement of the posterior col-
umn, related mostly to the hyperflexion or hyperextension —
letter B, injuries with the component of translation/rotation —
letter C. An assessment of the range of injury of osseous and
ligament structures was additionally introduced based on a
twenty-point Moore’s scale also known as Cervical Spine
Injury Severity Score.[?>! This scale introduced in 2006 is
based on summations of analog scores quantifying amount
of injury-related dislocation to each of four spinal columns
(anterior, posterior and two lateral pillars). The injury to each
of four columns can be scored as high as 5 and the severity of
the injury can be thus expressed as a number within a range
0-20. The radiological analysis was conducted based on the
CT scans performed following the axial helical protocol with
a 0.625 mm slice thickness and a gantry tilt of zero degrees
using a spiral Dual HiSpeed (GE Healthcare) CT scanner.
The MR imaging was performed on the GE 1.5T Signa HDx
scanner with using an eight-channel sending-receiving coil
dedicated for the cervical spine. The scans were obtained
in sagittal and axial planes, following sequences were per-
formed: T1 SE, T2 frFSE, T2 + FASAT.

Detailed neurological examinations of each patient were
performed on admission by a Board Certified neurologist
blinded to the results of the imaging. The questionnaire of
the ASIA scale of the American Association of Spine Injuries
was filled in every case. ASIA score summarises minimal
elements of neurologic assessment for all patients with a
spinal injury. These minimal elements are strength assess-
ment of ten muscles on each side of the body and pin-prick
discrimination assessment at 28 specific sensory locations
on each side.

These minimal elements are strength assessment of ten mus-
cles on each side of the body and pin-prick discrimination
assessment at 28 specific sensory locations on each side. A
maximum possible score is 112 points for pin prick and light
touch sensation for a patient with normal sensation. The sum
of all 20 muscle yields a total motor score with a maximum
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possible score of 100 points for patients with no weakness.
A different score, however for upper limbs and lower limbs
can be calculated making it 50 maximum for both upper and
lower limb. Voluntary anal contraction is also noted. The
ASIA impairment scale describes a person’s functional im-
pairment as a result of their spinal cord injury. ASIA A -
Complete spinal cord injury: no motor or sensory function in
the lowest sacral segment (S4-S5); B - Incomplete: sensory
function below neurologic level and in S4-S5, no motor func-
tion below neurologic level; C - Incomplete: motor function
is preserved below neurologic level and more than half of
the key muscle groups below neurologic level have a muscle
grade less than 3; D - Incomplete: motor function is pre-
served below neurologic level and at least half of the key
muscle groups below neurologic level have a muscle grade

> 3; E - Normal: sensory and motor function is normal.!?6:27]
The assessment was accomplished with deep sensation test-
ing not included in to the ASIA scale.

2.1 Numerical model

The detailed description of the FEM model geometry, dis-
cretisation and validation as well as study design was pre-
sented previously.['®28! Briefly, a three-dimensional (3D)
numerical model of the spinal cord white and grey matter in
a cervical segment accomplished with dura and pia matter
together with denticulate ligament was elaborated using the
ANSYS Multiphysics 12.1 (ANSYS, Inc. USA) software.
The strength parameters of white and grey matter, dura and
pia mater as well as denticulate ligament were established
based on the available literature.['>2°32! The illustration of
the model is presented in Figure 1.

Figure 1. Finite element model of the human cervical spinal cord
Left side - general look with axial section. Right side — oblique projection of the model without dural sac. Note the composite structure of
the denticulate ligament. Grey (1) and white matter (2), dural sac (3), pia matter (4) and denticulate ligament (5) are visible. Black arrow

indicates anterior median fissure.

In order to establish the usefulness of the model for clinical
tests and verification of theoretical assumptions accepted
during its elaboration, it was subjected to experimental vali-
dation.!”8! A fresh porcine cervical spinal cord specimen was
divided into seven anatomical segments. Each of the seven
segments underwent a gradual, controlled dorso-ventral com-
pression with 0.5 mm intervals. The amount of displacement
noted in the reference points of the specimen’s cross-section
was documented. Values obtained in-vitro were compared to
the results of the simulated compression of the FEM model
of the spinal cord, created based on the authorial protocol.
There were no statistically significant differences in the tra-
jectories of the control points between the experimental and
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numerical models noted.

2.2 Simulation of the injury

The model was initially fixed of proximal and distal ends in
horizontal (X), sagittal (Y) and longitudinal (Z) axis. The
variable boundary conditions were established individually
for each clinical case and allowed to reconstruct the moment
of injury in the computer environment.'3281 At first stage
the displacement applied to a specified site of the spinal cord
model - its direction, value and point of application were
determined individually for each clinical case based on a
metrological analysis of CT and MRI images, whose results
were registered in the form of individualized Injury Cards.
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For every case the size of the spinal canal, spinal cord and
subarachnoid space were established. The shape and size of
the bony/soft tissue fragment injuring the spinal cord was
established and relevant data was used while designing the
injury simulation. While simulating moment of the injury the
dura of the individualized FEM model was impacted with an
indefinitely high speed by bony or soft tissue fragment of the
shape estimated based on the imaging studies and parameters
obtained from the literature available. The load of the impact
was transferred on the spinal cord via dura and pia mater.
This methodology is accepted as an effective one and is used
in many such cases.!'®!”] Based on the results of the study
of Hall et al.l'! which proved that the average amount of
the spinal canal occlusion occurring during the high veloc-
ity spinal injury reaches 80% of its sagittal diameter it was
accepted that in the study group, the maximum occlusion of
the spinal canal reached this extent. In the CG the maximum
accepted value of spinal canal stenosis at the moment of
injury was that which was observed in the imaging studies
conducted over the admission presuming fairly stable nature
of the fracture/dislocation noted. While one of the aspects
of the spinal cord was being injured the opposite one was
fixed. It simulated the presence of the osseous framing of the
spinal canal.

2.3 Computational procedure

The final reconstruction of the moment of tSCI involved
solving a range of linear equations describing the state of
pressure and deformation of particular three-dimensional
nodes of the FEM model mesh. The calculations were per-
formed by XW 8600 (Hewlett-Packard, USA) computational
station equipped with two four-core Intel Xeon X5470 3.33
processors, 32Gb RAM, and disc RAID matrices.

2.4 Elaboration of results
Within the post-processing stage the results of the calcula-
tions were brought to a form enabling further analysis. The
following were elaborated:

(1) A 3D model of the injured segment of the spinal cord
deformation at the moment of maximum occlusion of
the spinal canal by the osseous fraction.

Sagittal sections of the model of the cervical fragment
of the spinal cord with a visualisation of the distribu-
tion of areas of tension and deformation in the follow-
ing axes: lateral, anterior-posterior and cephalo-caudal
at the site of injury.

(@)

(3) Axial sections of the model of the cervical fragment
of the spinal cord at the level of the site of injury with
a visualisation of the distribution of tension areas and
deformation in the following axes: X, Y and Z at the
site of injury.
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Based on the obtained images, the maximum values and dis-
tributions of components of the tension and deformations
state for injured segments of the spinal cord were established.
The following anatomical-functional areas of the spinal cord
section were established due to their significance from a
clinical point of view (see Table 1).

Table 1. Anatomical-functional areas of the spinal cord
section

No.

Avreas of the spinal cord section
The anterior column (anterior spino-thalamic tract) -

1 . S
transduction of tactile stimuli
9 The abdominal part of the lateral columns (lateral
spino-thalamic tract) - transduction of pain stimuli
3 Posterior columns (bundles: wedged and gracile) -

bathyaesthesia transduction

The medial part of anterior column (corticospinal
4 anterior tract) - transduction of stimuli responsible for
studied movements
The reticulospinal tract - responsible for automatic
activity of respiratory muscles
The Medial part of the lateral columns (corticospinal
6 lateral - pyramidal tract) - transduction of stimuli
responsible for studied movements
Frontal horns of grey matter - movements of muscles
assorted by a given segment of the spinal cord
The internal part of a spinal cord section localised around
the central canal

2.5 Statistical analysis

SPSS 21.0 (SPSS, Chicago, Illinois, USA) and MedCalc
12 (MedCalc Software bvba) were used for the statistical
analysis of the results obtained. The significance level was
established as p < .05. A non-parametric Spearman’s rank
correlation was used to assess relations between the sever-
ity of the cervical spine injury by means of AOSpine and
Moore’s scores and results of the FEM simulations. Factors
differentiating between SG and CG were tested with multi-
ple logistic regression model. The predictors of ASIA scale
outcomes were evaluated in the ordinal multinomial probit
regression model.

3. RESULTS

Total of 28 patients (3 women and 25 men) met inclusion
criteria. The mean age of the patients was 35 & 14 years. In
14 (50%) of cases, no neurological symptoms of SCI were
observed on examination (ASIA E - CG). Basic epidemiolog-
ical and demographical data and the degree of spine and SCI
severity according to the AO and Moore’s scale are presented
in Table 2. There were no significant differences in terms
of age (t-Student p = .71) and sex (Fisher’s p = 1.0) noted
between SG and CG.
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In 4 (14%) cases complete (ASIA A) and in 10 further
(35.7%) incomplete SCI (5 - ASIA B; 1 - ASIA C and 4
- ASIA D) were noted. There was no linear correlation
between the stress and strain noted within the spinal cord
patients’ age and sex. It was noted that the stress in each
segment and axis was positively correlated with the degree of
spine injury severity (AOSpine and Moore’s) (R Spearman
0.39-0.64).

Similarly, the deformation in each zone and axis was posi-

tively and significantly correlated with the degree of spine
injury severity (R Spearman 0.40-0.62). The highest values
of the correlation coefficient between the deformation and
severity of the spinal injury was noted in segment 7 with a
deformation in the lateral axis (r = 0.61). The highest co-
efficient of correlation between the deformation and injury
degree according to the Moore’s scale was noted in segment
6 with a deformation in the cephalo-caudal (R Spearman =
0.62) (see Table 3).

Table 2. Summary of basic data describing the studied patient population and results of the Finite Element Method
simulations. Median (with interquartile range in parenthesis) values reported.

Sex Stress [kPa] Strain
Age (MIF) Level AO Moore Y Z X Y >
0.25 0 0.065 0 0 0
Control group (n=14) 28 (15) 12/2 C5 B1 5(5) 175) (073 (L15) (001) (001) (0.00)
22.99 34.71 13.65 0.12 0.22 0.05
Study group (n=14) 31 (26) 13/1 C5 B2 10(7) (2325) (89.25) (6.63) (009) (028) (0.03)

Note. AO — AOSpine classification *; Moore — scores according to Moore’s scale ?*); X — horizontal axis; Y - sagittal axis; Z - longitudinal axis

Table 3. Spearman’s correlations between the stress and strain concentration noted in particular segments of the spinal cord

(name in parentheses) and corresponding neurological deficits

| Stress Strain

tem X Y v X Y z
Segmental movements (anterior horns of grey matter)  -0.49 -0.57 -0.55 -0.56 -0.54 -0.61
Light-touch (anterior spinothalamic) -0.75 -0.44 -0.63 -0.70 -0.65 -0.62
Pain (lateral spinothalamic) -0.64 -0.59 -0.62 -0.68 -0.68 -0.50
Deep sensation (dorsal columns) -0.43 n.s. n.s. n.s. n.s. n.s.

Note. X — horizontal, Y — sagittal, Z — longitudinal directions

Factors differentiating between SG and CG were estimated
based on the multiple regression model. The values in longi-
tudinal axis (z), for both - stress (OR-6.3; 95%CI 3.94-8.78;
p < .033) and strain (OR -7.8; 95%CI 3.03-10.19; p < .046)
were found to play predictive roles in the appraisal of the
neurological deficits risk after cervical SCI (see Table 4).

Table 4. Multiple logistic regression model presenting the
risk of neurological deficits after traumatic cervical spinal
cord injury

Risk Factor  Coefficient Odds Ratio  95% ClI p Value

X -178.6 38 2.12-6.70 482
Stress Y -171.0 2 1.15-3.55 .387

Zz 801.0 6.3 3.94-8.78 .033

X 88.9 5.8 1.70-9.87 272
Strain Y 40.7 4.4 1.61-15.13  .362

z 142.3 7.8 3.03-10.19  .046

The cut off value for stress was 8.1 kPa (sensitivity — 85.7%;
specificity — 78.6%; AUC-0.819, p < .001) and for strain
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0.0117 (sensitivity — 92.9%; specificity — 72.5%; AUC-0.645,
p <.001) (see Figure 2).

The predictors of SCI in ASIA scale were tested with the
multinominal ordinal logit regression. It was found that re-
sults in the longitudinal axis (z), in both, stress and strain,
significantly correspond with grading in ASIA scale (see
Figure 3).

Based on the linear regression, one grade change in ASIA
scale from A to E correlates with the decrease in z-axis by
4.01 kPa and 0.012 in stress and strain respectively.

4. DISCUSSION
Traumatic SCI in the cervical segment is a problem of special
significance. The young age of patients and the neurological
after-effects, practically excluding them from widely under-
stood social and professional activities means that the results
of spinal cord injury are very serious.!*3 Primary spinal cord
injury taking place over first 48 hours after tSCI is related
to the massive cell death due to a direct mechanical impulse
followed by blood-spinal cord barrier injury.>-"]
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The Box-and-whisker plots. The central box represents the values from the lower to upper quartile (25 to 75 percentile). The middle line
represents the median. The vertical line extends from the minimum to the maximum value.

Sharma et al.!®’ published results of long-lasting observa-
tions of the function and role of blood-spinal cord barrier in
the pathophysiology of primary and secondary SCI. Authors
demonstrated that the impairment of the blood-spinal cord
barrier occurring during the first seconds after an injury is
a starting point for the process of the secondary injury. The
inflammatory process reaction induces formation of swelling,
haemorrhagic and necrotic foci, and also leads to the acti-
vation of apoptosis. Over weeks, months or even years fol-
lowing the primary injury gliosis, necrotic foci debridement,
reconstitution of the blood-spinal cord barrier, formation of
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the glial scar, cysts and syrinxes can be observed. The extent
and course of the secondary spinal cord injury are difficult to
be predicted.

Maikos et al.l”! demonstrated that the range of blood-spinal
cord barrier damage depends on the parameters of mechani-
cal stimuli acting on the cord and the moment of injury. More-
over, in the experiment with FEM application they proved
that the mechanical load induced by the injury correlates
equally strongly with the size of the blood-spinal cord barrier
damage.”® This constituted a principle for undertaking an
attempt of FEM application in the analysis of clinical tSCI
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cases in humans.

In the present study we simulated 28 clinical cases of tSCI
with the use of a validated 3D FEM model. The main lim-
itation of our study was the fact that the injury moment
simulation was based on presumptions and generalisations.
According to our knowledge, at present, it is not possible
to truly reproduce the moment of impact, although a few
efforts has been made in a past.**33 FE models used in
cited experiments were extremely complex, did not contain
spinal cord and were applicable exclusively for the analyses
of traffic-related injuries. We believe that our procedure - de-
signed based on results of experimental studies - allowed to
obtain results reflecting the reality at acceptable level.[!:34]
It was, indeed, initially confirmed in our previous publication
revealing high correlation between stress and strain values
and the severity of neurological deficits in tSCI patients.[8]

The FEM environment enabled observation of the model
behaviour under controlled conditions. One should pay how-
ever attention to the fact that the loads applied to the spinal
cord specimens were static.!'8! This enforced an application
of a quasi-dynamic method of FEM analysis, which depends
on immersing virtual osseous fractions in the spinal cord
with indefinitely high speed. This methodology is accepted
as an effective one and is used in many such cases./!% 17!

Another important limitation was the fact the model was not
completed with virtual cervical vertebrae and cerebro-spinal
fluid. At the current stage of research, lack of above men-
tioned structures in the model is sufficiently compensated by
suitable fixation and deformation of the dura mater and mod-
elling of the contact between it and the pia mater covering
the spinal cord. As the mechanics of osseous and ligament
structures of the spine plays a significant role during dynamic
analyses, future studies on its full implementation for the
model are fully justifiable. In the FEA analysis — despite
of the recent remarkable progress on the IT — there is still a
need to use simplified models and reasonable technological
shortcuts. In all referred papers analysing spinal cord injuries
authors used models representing only injured segment to
decrease the number of Finite Elements, time of calculations
and the possibility of errors. The ideal situation would be to
assess the reaction of all of the human body to the impact
but unfortunately — despite of constant attempts - it is still
hardly possible due to the technological limitations.

The assessed group of patients was in many aspects a rep-
resentative one. The age, sex distribution and injury mech-
anism of the group did not diverge from that presented in
literature.!*%371 Also, the types and mechanism of spinal
injuries dominating in both subgroups - with and without
neurological deficits - were consistent with the observations
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of other authors.138:3%

According to our knowledge the presented study is the first
which was performed on experimentally validated model,
including real clinical cases into numerical simulation and
analysis. Our observations are in general accordance with
the study of Yan et al.,”??! who performed dynamic numerical
simulation of burst fracture in thoracic spine and revealed
similar values of strain to discovered by us in compressed
cervical spinal cord. Moreover, authors confirmed strong
correlation between the mechanical stress and strain concen-
tration in injured spinal cord and the degree of the spinal
canal occlusion. This observation also remains in consis-
tent with our results, which was additionally confirmed by
statistical analysis.

The results of the detailed analysis including above listed
functional segments of the spinal cord are difficult for un-
equivocal interpretation. For example: the eighth segment
was considered as the most susceptible to tension in the
cephalo-caudal axis. An unambiguous demonstration of
which segment is the most susceptible to damage leading to
its dysfunction seems to be impossible at the present stage
of study advancement. Small number of cases prevented us
from carrying out the post-hoc analysis. It could allow us
to predict the most vulnerable areas of the spinal cord sec-
tion, which might be useful from both scientific and practical
point of view and should be introduced on the basis of wider
clinical material.

The results obtained allow to conclude that the application of
the FEM enables simulation of the phenomenon of tSCI in
particular clinical cases. The severity of damage of osseous
and ligament structures of the spine, significantly influences
the range of the mechanical effort of the damaged spinal cord
which remains in accordance with the literature.!-221

The highest components of the state of stress and strain are
observed in the anterior-posterior axis of the spinal cord.
Neural tissue of the spinal cord is the most resistant to the
mechanical stimulus acting in sagittal direction.

5. CONCLUSION

FEM simulation is useful model in the prediction of mechan-
ical stress and strain in the cervical spinal after SCI. Severity
of tSCI in ASIA scale positively correlates with the results
of stress and longitudinal axis (z). Neural tissue of the spinal
cord is the most resistant to the mechanical stimulus acting
in sagittal direction. The current model is still considered
greatly simplified compared to the clinical situations. Future
efforts to include the surrounding bony elements are of great
importance.
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