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Abstract

Neck injury is one of the most common types of injury in vehicle accidents. The mechanisms of
neck injury remain controversial due to the complex structure of the cervical spine and various
impact conditions. The aim of the present study is to provide a summary of recent research on

neck injury mechanisms, neck injury criteria and neck injury prevention measures. The main types
of neck injury resulting from vehicle accidents, including whiplash injury, cervical bone fractures
and spinal cord injury, are introduced. Neck injury mechanisms are summarized according to load
directions, test or simulation methods, and thresholds by means of impact intensity, load intensity
and stress/strain conditions. Neck injury criteria are introduced, including NIC, Njj, Ny, and LNL.
Passive and active technologies for neck injury prevention are described and the challenge of neck

injury prevention for future intelligent vehicles is discussed.

Keywords: neck injury; whiplash; cervical fracture; spinal cord injury; neck protection; vehicle

accidents

1. Introduction

Traffic accidents are the main cause of neck
injuries that often result in long-term suffering
and great socio-economic cost. More than 800 000
cases of vehicle crashes involving neck injuries are
reported in the United States annually, and the cost
of treatment is as high as $5.2 billion [131].

Neck injuries vary in severity and type. Neck
injuries run the gamut from mild to life-altering

or even lethal, as the impact load or inertia of the
neck increases in traffic accidents. Whiplash may
result in one or several diagnoses such as ligament
sprain, disc injury, and muscle strain. A herniated
disc or vertebral dislocation in the cervical spine
may irritate spinal nerve roots or, more rarely, the
spinal cord, causing nerve symptoms.

This paper summarizes the available literature
on neck injuries resulting from vehicle acci-
dents—including whiplash injuries, neck fractures
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and cervical spinal cord injuries—according to
injury type, mechanism, criteria and prevention.
Whiplash injuries include skin, muscle, blood
vessels, nerves, ligaments and intervertebral discs
injuries; neck fractures, meanwhile, comprise
vertebral body and joint damage. Spinal cord
injuries are discussed separately, as their injury
mechanisms differ considerably from those of
other forms of soft-tissue damage.

1.1 Whiplash injuries (soft-tissue injuries)

Whiplash often occurs in low-velocity rear-end
vehicle collisions. In the United States, 90% of
injuries in rear-end crashes are neck injuries
[103]. Traffic accident data compiled in Germany
reveals that over 90% of whiplash injuries result
from rear impacts at speeds of less than 25 km/h
[134]. Rear-end collisions are associated with the
highest relative risk of whiplash injury when
compared with lateral impacts, while drivers show
the strongest association with respect to seating
position when compared with passengers in the
rear seats [10]. More women than men suffer from
whiplash (1.5:1) [100], and also suffer long-term
symptoms more frequently (odds ratio: 1.54) [19].
The annual incidence among adolescents and
adults is 3-6% [122].

In rear-end impact accidents, cervical vertebrae
usually suffer a sudden forceful hyperextension
followed by hyperflexion. Cervical soft tissues
suffer sprains or strains in this period, leading to
a variety of clinical symptoms, such as headaches,
dizziness, forgetfulness and emotional/psycholog-
ical disturbances [121]. While some individuals
recover from initial symptoms within a few
weeks after the accident, up to 50% develop
persistent symptoms [18]. These symptoms are
called whiplash-associated disorders (WAD). There
are several possible sites for this injury: facet joints,
spinal ligaments, intervertebral discs, vertebral
arteries, dorsal root ganglia and neck muscles
[23, 116].

The Quebec Task Force team has classified
whiplash injuries according to the severity of the
clinical symptoms, from WAD 1 to WAD 5, as
shown in Table 1 [19]. The anterior longitudinal
ligament is often pulled and injured, which is
defined as WAD 1 [57]. A combination of lateral
bending and torsion results in unilateral facet
dislocations or unilateral locked facets, classified
as WAD 2 [83]. WAD 3 comprises common disc
injuries, such as ‘edge injuries’ or transverse
tearing near the anterior edge of the intervertebral

Table 1. AD classification levels

Injury level Clinical manifestation

1 No neck discomfort, no abnormal signs

2 Neck pain, stiffness or only tenderness, no
abnormal signs

3 Neck symptoms and musculoskeletal signs
Neck symptoms and neurological signs

5 Neck symptoms and fractures or dislocations

disc [28]. During the posterior collision, the anterior
and posterior cervical muscles are stretched and
injured, with the resulting injury ranging from
WAD1 to WAD3 according to its severity [16].
However, neck muscle active force affects the
dynamic response of the head and neck and the
risk of whiplash during a collision, which is more
pronounced in low-speed collisions [71]. When
extra force is applied to the nerve by surrounding
tissues, such as nerve impingement, bone, carti-
lage, muscles and tendons, nerve function may be
affected, leading to pain, numbness, weakness and
tingling (WAD 2) [1].

1.2 Neck fractures (bone injuries)

Cervical fracture is characterized by vertebral frac-
ture, and most serious neck fractures are generally
accompanied by a cervical dislocation, which may
cause spinal instability. In cases of severe disloca-
tion, the cervical bone may fully displace forward (a
complication referred to as ‘jumping’) and lock in
this position, which makes the ligaments rupture
completely. Dislocations may damage the spinal
cord and normally require surgery. Neck fractures
are usually AIS 2+ injuries.

The angle of force acting during impact often
affects the type and severity of the cervical
fracture. The injury mode of the cervical vertebra
depends on the load direction, which can be
divided into compression of the neck, tension,
shear, flexion moment, extension moment and
axial torsion [79]. Injuries caused by tensile load
include dislocation of the occipital condyles,
ligamentous injury and fractures [128]. The com-
bination of the bending moment of the neck and
the axial compression force can cause a wedge
fracture of the anterior vertebral body. An increase
of force may cause a burst fracture or bilateral
facet dislocation [79]. Table 2 summarizes the
characteristics of various cervical spine injuries
with their AIS grades.

A pedestrian or vehicle occupant who blocks
with his/her head is at high risk of cervical fracture.



Table 2. Characteristics of cervical spine injuries, with AIS grades

Injury category AIS Load form Reference

Jefferson fracture, hangman’s fracture 2+ Compression (Viano D. [130])
Dislocation of the occipital condyles, ligamentous 1+ Tensile load [128]

injury and fractures

Wedge fracture of the anterior vertebral body 2+ Compression-flexion [79]

Fractures 2+ Compression-extension (Frank A. Pintar [97])
Bilateral facet dislocation Tension-flexion [79]

Hangman’s fracture, damage to soft tissue 3 Tension-extension (Viano D. [130])
Facet dislocations or unilateral locked facets 2 Lateral bending and compression [83]

Elderly people with osteoporosis are at higher risk
because of the fragility of their bones. Miiller et al.
reported that in Germany, cervical spine injuries
accounted for 45% of all vertebral fractures in traf-
fic accidents, of which 43% of neck injuries occur in
multiple collisions [85]. Sidon et al. stated that men
were more likely to suffer cervical spine injuries
in car crashes than women (80:29) [113]. Cervical
spine injuries in children accounted for a higher
proportion of vertebral injuries, reaching 75% [98],
and also resulted in a higher mortality rate [35].

1.3 Cervical spinal cord injuries (CSCI)

Spinal cord injury (SCI), a highly disabling and
often fatal injury (usually an AIS 3+ injury), occurs
when a fracture, dislocation or other neck injury
damages the spinal cord [138]. SCI involves sud-
den forceful damage to the spinal nerves, result-
ing in temporary or permanent paralysis, bladder
and bowel dysfunction and autonomic imbalance,
among other consequences [11, 47]. A person with
SCl is at immediate risk of respiratory and cardiac
failure, which may lead to death in the acute phase
[118]. According to numerous investigations, traffic
accidents have become the second leading cause of
spinal cord injuries [37].

The causes and damage of CSCI are diverse.
Atlantoaxial instability results in upper spinal cord
injury [109]. Traffic accidents can cause disc her-
niation [30], ligament injury [30, 146] and fracture
and dislocation of the spine [93], which can cause
spinal canal narrowing [56, 109], followed by com-
pression of the cervical spinal cord, resulting in
SCI. The rapid extension of the cervical vertebral
body in traffic accidents can also cause SCI [110].
If the spinal cord is damaged at the third cervi-
cal vertebra or above, the victim may die or need
a respirator to stay alive. People living with SCI
often endure a lifelong disability with complete
or incomplete paralysis below the level of injury.
Those who survive the acute phase face a life-

long risk of secondary complications such as pres-
sure ulcers, urinary tract infections, deep venous
thrombosis, contractures, chronic pain and spasms
[11, 144].

The incidence rate of CSCI tends to decline
progressively; the number of male patients is
significantly higher than the number of female
patients; the mean patient age has increased over
time; and the upper cervical levels are currently
the most commonly affected. A statistical report
from a regional trauma centre in Canada showed
that vehicle crashes account for 71% of incidents
of CSCI; 66% of CSCI patients are male; 75% are
under 50 years of age; and the most common
spinal level injured is C2 (27%) followed by C5 (22%)
[127]. The levels of spinal injury in individuals
vary between occupants of front and rear seats
in vehicle crashes. An epidemiology study of
traumatic spinal cord injury (TSCI) in Spain over
a 20-year period (1995-2014) reported a total of
1195 patients with TSCI, of which 76.4% were male
and 23.6% female [84]. The mean patient age was
50.2 years. Traffic accidents accounted for 37% of
all TSCI injuries. The mean patient age increased
significantly over time (from 46.4 to 56.54 years).
The most commonly affected neurological level
was the cervical level (54.9%), increasing in the
case of levels C1-C4 over time.

2. Neck injury mechanisms and criteria

To explore the mechanisms of neck injuries and
to quantify the thresholds for injuries to various
tissues, biomechanical tests and simulations
using mathematical models are widely used.
Biomechanical tests provide valuable data, but
some of the internal biomechanical responses
of soft tissue can neither be easily measured
by experimental techniques nor be measured
in vivo, and the tests are of bad repeatability
considering individual differences. Researchers
have used the information gathered from animal



experiments and cadaveric studies to develop and
evaluate neck mechanical and digital neck models.
Digital models provide a cost-effective alternative
experimental method for estimating the internal
biomechanical response of soft tissue.

2.1 Whiplash mechanisms

Whiplash usually causes injuries to the soft tissue
of the neck. Ligaments and discs are the represen-
tative soft tissues in neck injuries. The ligament
has the physiological function of stabilizing the
intervertebral disc and the vertebral body. For all
impact configurations, the spinal levels at great-
est risk of ligament and/or disc injury are C3/C4
to C7/T1 [57, 116]. The cervical muscles bear the
weight of the head 3/4. During the impact result-
ing from a traffic accident, especially a low-speed
collision, the neck muscles have the effect of sta-
bilizing the position of the head and neck [71]. In
addition, the blood vessels and nerves in the neck
are dense and can cause serious injury in a high-
impact accident.

2.1.1 Muscle injury mechanisms. Symptoms of cervi-
cal muscle injury include pain, muscle cramps
and decreased flexibility caused by excessive
strain. Neck-muscle damage always occurs in
eccentric contraction when extension is applied
during active contraction. Computer simulations
of experimental kinematics using human subjects
exposed to rear-end collisions have shown that
the anterior and posterior neck muscles undergo
active prolongation during posterior impact [16,
129]. The anterior sternocleidomastoid muscle is
active and prolonged during the contraction phase,
while the posterior muscle is active and prolonged
during the rebound phase [41]. The muscle strain
mechanism suggests that muscles could also
be used as candidates for soft-tissue damage
from posterior impact. However, this hypothesis
is inconsistent with the fact that most patients
experience pain in the back of the neck, while the
anterior muscles are the first to stretch in the event
of rear-end impact [20].

The threshold for muscle damage is difficult
to judge. Due to ethical limitations and loss of
activity in cadaveric sample muscles, studies of
the detailed mechanisms of neck muscle damage
need to be done by in-vivo animal experiments, or
on in vivo human volunteers at low accelerations
and then perform extrapolations. Histological
evaluation of porcine posterior cervical muscles
after a forceful translational and extensional head

retraction simulating high-speed rear end impact
has been conducted [40]. Injuries of the deepest
posterior neck muscles could be found in this
study, especially in the musculus obliquus sam-
ples. Further studies need to be conducted to
determine whether lower exposure forces also
cause these muscle injuries.

2.1.2 Ligament injury mechanisms. Ligaments are strong
bands of connective tissue that hold bones together,
and ligament injury is usually a sprain. The main
ligaments below the axis include the anterior
and posterior longitudinal, capsular, interspinous
and supraspinous ligaments, and the ligamen-
tum flavum. Spinal ligaments can partially or
completely rupture when stretched beyond their
physiological limit [116]. Sudden twists occurring
in vehicle accidents that overload or overstretch
one or more joints in the cervical spine cause
ligament injury. Symptoms of neck sprain can be
very varied, but may include pain at the back of
the patient’s neck that worsens when the patient
moves, pain that comes on slowly and peaks after
about 24 hours, a headache at the back of the neck,
muscle spasms and pain in the patient’s upper
shoulder, neck stiffness, and numbness, weakness
or tingling in the patient’s arm.

Different ligament injuries have different mech-
anisms due to their different physiological loca-
tions and physiological roles. Hyperextension
places the anterior longitudinal ligament (ALL)
and facet capsule (FC) ligaments at risk, and
hyperflexion motion often damages the flaval (LF)
and interspinous (ISL) ligaments [57, 95]. Whiplash
simulations using cadavers and monkeys have
produced ALL tears and anterior disc detachments
[74,139]. Magnetic resonance-imaging studies have
demonstrated injuries to both components in
whiplash patients, and similar injuries have also
been discovered at surgery and autopsy [17, 60].
Combined shear, bending, and compression load
levels that occur in rear-end impacts may cause
the cervical facet capsular ligaments injuries. [25,
77,95, 114].

Different ligaments also have different damage
thresholds (Table 3). Ivancic et al. found that the
greatest ALL strains occurred in the lower cervical
spine and that ALL strains increased with impact
severity. Increases over the physiological strains
were observed in the middle and lower cervical
spine (C3-C7) at trauma energies of 3.5 g and above,
suggesting that the ALLs spanning these levels
were at the greatest risk of injury [57]. Trends are
present for the failure force and stiffness of the



Table 3. Summary of cervical ligament injury mechanisms

Mechanism Site Methodology Threshold value Reference
Elongation Capsular ligament Simulation (FE model) > 3.82 mm [133]
Strain ALL Cadaveric tests 42.6-47.6% [140]
ALL Simulation (in vitro cervical 0.222 [57]
spine)
Extension Alar ligament Uniaxial mechanical testing in 200 N [34]
Transverse ligament seven specimens 350 N
Cadaver tests Ligamentous injury 56.7 N-m [44]
Shear (a-p) Ligament rupture Functional unit 824 N [39]
Impact Apical ligament Simulation (FE model) 15.2 g frontal or 11.7 g rear-end [38]
severity impact
Alar ligament Simulation (FE model) 20.7 g frontal or 14.4 g rear-end
impact
Capsular ligament Simulation (FE model) 11.3 g frontal or 12.8 g rear-end
impact
ALL of C3-C7 Simulation (vitro certical spine) 35¢g [57]
Vertebral TAL Lateral displacement > 7 mm (. E. [24])
dislocation DAI > 3 mm [48]

ALL to decrease with increasing age [78]. Using an
FE model, Fice, Cronin and Panzer found that in
frontal and rear-end impacts, the highest predicted
distractions in the upper cervical spine were for the
apical and alar ligaments [38]. Linearly interpolat-
ing between the predicted distractions for the api-
cal and alar ligaments at different frontal impact
accelerations, the model predicted that at 15.2 g
and 20.7 g, respectively, the distraction of those
ligaments exceeds the average failure distraction
minus one standard deviation. Ivancic and Xiao
observed nonphysiologic flexion at C7/T1 during a
13.3 g crash, indicating potential tensile injury of
the supraspinous, interspinous and capsular liga-
ments and the ligamentum flavum, and compression
injury of the anterior disc [58]. They also observed
nonphysiologic extension at C6/7 and C7/T1 dur-
ing head/HR contact, indicating potential tensile
injury of the anterior longitudinal ligament and
anterior annular fibres, and compression injury of
the facet joints.

The transverse ligament (TL) is subject to a
special mechanism of injury. Severe injuries to
the transverse ligament and the posterior atlanto-
occipital membrane were more common in frontal
than in rear-end collisions [28]. Cusick and Yoganan-
dan found that a lateral displacement of greater
than 7 mm indicates risk of tearing of the inser-
tions of the transverse atlantal ligament (TAL), with
resultant risk of atlantoaxial instability [24]. An
atlas-dens interval (ADI)—defined as the distance
between the anterior portion of the atlas and the
dens of the axis—exceeding 3 mm for an adult
was found to be an implication of failure of either
(or both) the transverse ligament and the alar

ligament [33, 39, 51, 68, 70, 106]. For others, the ADI
should not exceed 3 to 3.5 mm [48]. In fact, the ADI
is often used to assess trauma to the cervical spine
based on its value increase, which can be an indica-
tion of TL rupture. The flexion of the head and neck
complex is increased by the TL rupture as well as
the ADI interval under the compressive load [82].

Muscles play a very important role in protect-
ing ligaments from overloading. The importance
of muscle activation has been demonstrated for a
7 g rear-end impact, with Capsular ligament (CL)
strain reduced from 28% to 13% with active mus-
cles [38]. Muscle activation leads to peak CL strain
reductions of 4%, 15% and 12% for rear-end impacts
of 4 g,7 gand 10 g, respectively.

2.1.3 Disc injury mechanisms. Mechanical overloading
from hyperflexion and torsion is considered to be a
potential cause of disc failure [5, 6, 36, 143]. A com-
mon disc injury is a ‘rim lesion’ or transverse tear
near the anterior vertebral rim. This is caused by
distraction and shearing in sudden extension. Disc
contusion or herniation is often accompanied by
facet-joint hematoma, peripheral spinal nerve and
spinal cord contusion or articular process fracture,
which is usually the most serious type of whiplash
injury [28].

Whiplash injury has been shown to damage
deep tissues in the facet joint by compression
and/or stretching, and to damage the disc by shear
forces [43]. Autopsy studies also have documented
disc herniation [60], annulus-fibre ruptures [29]
and cartilage-endplate separations [124] due to
frontal impacts. Peak annulus fibrosus (AF) fibre
strain is generally concentrated in the posterolat-



Table 4. Summary of cervical disc injury mechanisms

Mechanism Number of discs Threshold value Reference
Tension Failure load Ultimate
strength/displacement
7 88 kg 0.3 kgmm™ [119]
A C4-C5 segment, and a 2639 N 3.9mm [30]
C5-C6-C7 segment.
0.58 kN (F. A. [96])
0.86 kKN (H. [136])
Axial torsion 11 51kg 0.48 kgmm? [119]
5N-m (H. [136])
Compression Several 320 kg 1.08 kg mm™ [119]
3.14 kN (H. [136])
Flexion A C4-C5 segment, and a Failure load Failure angle (°) [30]
C5-C6-C7 segment 20.9 N-m 13.7
Extension 22.4N-m 19.6
Strain energy absorption 5 normal intervertebral The total strain energy capacity of the system Ugot < [142]
capacity joints and 4 degenerated Uy, (10.20J + 1.90] for normal intervertebral joints;

intervertebral joints.

4.04 ] £ 0.83 ] for degenerated intervertebral joints)

eral portion of the disc, and the highest amount
of strain has been found in the C4-C5 and C5-
C6 discs. The C2-C3 intervertebral level displayed
greater increases during frontal impact, while
during rear-end impact, C5-C6 was at the greatest
risk. The findings of Ito et al.’s study suggested that
injuries observed at C2-C3 and C5-C6 might be
due to increases in disc annular tissue strain and
disc shear strain beyond the physiological limits
[55]. Both the posterior disc and the facets are
compressed, causing disc contusion or herniation,
facet hemarthrosis, bruising around the C2 nerve,
or fractures of articular processes. Suboccipital
vascular congestion and annulus calcification are
also seen [28]. In addition, varying the stiffness
of the interspinous ligament (ISL) was found to
greatly affect the intervertebral disc pressure (IDP).
The decreased stiffness of the ISL and the CL would
place greater stress on the intervertebral disc,
which might contribute to degeneration [55]. The
threshold for intervertebral disc injury has been
explored in in vitro experiments such as stretching,
compression, axial torsion, buckling and stretch-
ing. Table 4 summarizes several representative
intervertebral disc tolerance-limits experiments.

2.1.4 Other soft-tissue High-speed
glass debris, broken bones and seat belts in
automobile accidents can cause neck injuries, such
as soft-tissue contusions or cuts, with the most
lethal being carotid artery injury. The amplitude,
rate and time of vertebral artery elongation also
cause vertebral artery injury. The average vertebral
artery elongation between the occipital and C6
vertebrae has been measured using a custom

injury mechanisms.

transducer mounted on the neck of the corpse
[31]. The peak vertebral artery elongation was
30.5 mm during the posterior impact on the head
and 17.4 mm during the side impact, significantly
exceeding the physiological elongation limit. Due
to the Poisson effect, vertebral artery elongation
leads to a decrease in vessel diameter and may
result in transient vascular damage. Alternatively,
the container can be stretched or squeezed along a
turn during the twisting process [9]. These mecha-
nisms can also cause tearing of the vertebral artery
intimal layer [21]. Further biomechanical studies
are needed to determine the strain distribution
of the entire vertebral artery and the loading rate
associated with whiplash during physiological
movements with different initial neck postures
and various impact directions.

2.2 Neck fracture mechanisms

The cervical spine contains seven pieces, among
which C1 and C2 are two unique pieces. C1 is
referred to as the atlas and is ring-like. C2 has an
obvious dens that can work together with C1. The
neck injury mode depends on the load on the neck,
which can be divided into compression of the neck,
tension, shear, flexion moment, extension moment
and axial torsion [79].

Shear and axial torsion in the anterior-posterior
direction may result in dislocation of the atlanto-
occipital joint, while large compression may
result in a fracture of the atlas (a Jefferson
fracture). If axial compression is combined with
neck extension, a C2 fracture may occur, com-
monly referred to as a hangman’s fracture. In car



accidents, this type of fracture is usually associated
with impact on the forehead or face, such as
from the windshield or the steering wheel [130].
The interaction between the head and the roof
structure may cause neck injuries when the
occupant is turned upside down during rollover
[101]. Damage caused by tensile load includes
dislocation of the occipital condyles, ligamentous
injury and fractures [88]. Bending is also an impor-
tant cause of cervical spine injuries. Its forms of
force include compression-flexion, compression-
extension, tension-flexion, tension-extension and
lateral bending. The combination of post-bending
load and compression force can cause fractures
in the back of the neck, including the upper
and lower regions [91, 97]. The combination of
the bending moment of the neck and the axial
compression force can cause a wedge fracture of
the anterior vertebral body [79]. With the increase
of force, there may be a burst fracture or bilateral
facet dislocation. The latter two conditions are
unstable and may disrupt or injure the spinal cord.
The extent of the injury in such cases depends
on the penetration of the vertebral body or its
fragments into the spinal canal [130]. When the
human body is restrained during a collision, the
cervical vertebrae are subjected to tensile force
and bending moment due to inertia. Bilateral facet
dislocation has been observed after such loading
[79]. When the chin collides with a hard object,
tension-extension loading is a potential cause of
damage. At this time, C2 may suffer a hangman’s
fracture, and the soft tissue of the neck may also
be damaged. During side impacts, lateral bending
can also cause damage to the cervical spine, which
usually occurs at the same time as compression
or shearing. The combination of lateral bending
and compression can cause a fracture of the
cervical vertebra on the compression side. The
combination of lateral bending and torsion results
in unilateral facet dislocations or unilateral locked
facets [83].

Large numbers of cadaveric experiments and
tests involving volunteers have been conducted
to measure the tolerance of cervical spine injury.
Volunteer experiments, usually performed under
low-load conditions, provide only pain feedback
from volunteers. It is difficult to determine the load
strength of a vertebral fracture. Cadaveric exper-
iments usually use either the entire cervical ver-
tebra or a segment to simulate the movement of
the neck (stretching, compressing, bending and
stretching) during a car accident. Table 5 summa-
rizes the damage mechanisms and tolerance lim-

its of neck fractures examined in various studies.
Some of these studies, especially the volunteer
experiments, did not specify the details of the neck
injuries examined.

2.3 Cervical spinal cord injury mechanisms

The spinal cord runs within the vertebral canal
formed by the back parts of the vertebrae. Thirty-
one pairs of nerves branch out from the spinal cord
through the vertebrae, carrying messages between
the brain and every other part of the body. SCI
occurs when a fracture, dislocation or other neck
injury damages the spinal cord. People living with
SCI often endure a lifelong disability with complete
or incomplete paralysis below the level of injury.
If the spinal cord is damaged at the third cervical
vertebra or above, the person may die or need a
respirator to stay alive.

Clinical evidence suggests a relationship between
column injury patterns (such as burst fracture,
fracture dislocation, transverse contusion or
distraction) and spinal cord injury [45]. This
relationship may be due to the mechanical prop-
erties of the column-damage pattern, which can
cause a certain degree of spatial distribution and
damage to the spinal cord tissue [45]. By analysing
patients with cervical spine injuries, Kiwerski
concluded that the most common causes of injury
were the flexion (48%), compressive (26%) and
hyperextension (26%) mechanisms [66].

SClis closely related to the values of mechanical
strain and stress which the spinal cord are sub-
jected to during trauma [8, 75]. In the study by Czyz
et al., based on statistical analysis, the highest val-
ues of stress and strain were found in the anterior
spinothalamic, lateral spinothalamic and dorsal
column tracts at the time of trauma [26]. In Ghaemi
and Bahramshahi’s study, two models were estab-
lished and analysed for comparison to study spinal
cord behaviour under various loading conditions
[42]. The pair found that in compression, there was
more stress, strain and displacement on the ante-
rior surface of the spinal cord than on the poste-
rior surface. In flexion and extension, the posterior
surface of the spinal cord saw more displacement,
stress and strain than the anterior. They found that
stress on the spinal cord was higher than any other
loading condition in flexion. Czyz et al. designed
an experiment in which 28 patients recovering
from cervical spine injury were enrolled: 14 with
neurological symptoms of TSCI (the study group)
and 14 who were neurologically intact (the con-
trol group). Czyz et al. found that there was no



Table 5. Summary of neck fracture injury mechanisms

Mechanism Objects Threshold criterion Threshold value Reference
Extension Volunteers No-injury (static) 23.7 N-m [44]
Pain 47.3N-m [81]
No-injury 47.5N-m [44]

Cadavers AIS 2 56.7 N-m
Upper cervical spine 49.5 (17.6 SD) [89]
N-m
and
42.4° (8.0° SD)
Flexion Volunteers 59.4 N-m [81]
59.7 N-m [44]
Maximum voluntary 87.8 N-m [81]
loading 88.1 N-m [44]
Cadavers AIS 2 189 N-m [81]
Fractures 190 N-m [44]
Upper cervical spine 39.0 (6.3° SD) N-m and [89]
58.7° (5.1° SD)
Tension Volunteers No-injury (static) 1.1 kN [81]
Cadavers Failure 3.1kN [112]
Compression Cadavers Bilateral facet dislocation 1.72 kN [90]
Compression injuries 4.8-5.9 kN [76]
Compression injuries 2.75-3.44 kN [86]
Neck injury 2.4-5.3KN [112]
Failure 2.243 4 0.572 kN (male) [91]
1.061 £ 0.273 kN (female)
3.81 + 0.97 kN (male) (Frank A. Pintar [97])
2.30 + 1.10 kN (female)

Shear (a-p) Volunteers No-injury 845N [81]
Cadavers Irreversible damage 2 kN [44]
Functional unit Odontoid fractures 1.5 kN [32]

relation between age, gender and level of injury,
and levels of strain and stress [27]. In addition,
after SCI, there were some risk factors of neuro-
logical deficit, including the results in the longi-
tudinal axis (z), in stress and strain. The cut-off
value for stress was 8.1 kPa, and for strain 0.0117.
The results for stress and strain correspond with
grading on the ASIA scale. One grade change on
the ASIA scale is associated with a decrease on the
z-axis of 4.01 kPa and 0.012 for stress and strain,
respectively. Czyz et al. found that the severity
of osseous and ligament structural damage has a
significant effect on the mechanical stress range
of the spinal cord. Spinal nerve tissue is most
resistant to mechanical forces acting in the sagittal
direction, and distraction is most destructive to SCI
[27]. In Greaves’s study, three models of a three-
vertebrae segment of the human cervical spine and
spinal cord were developed and validated in order
to simulate three injury mechanisms, including
transverse contusion, distraction and dislocation.
The study found that the contusion and dislocation
mechanisms resulted in higher strain gradients
near the damage site, while the distraction mecha-
nism produced a more uniform strain distribution
on the width and length of the spinal cord. The

study highlighted the greater possibility of grey
matter damage due to mechanical or biological
susceptibility than of damage to the white matter.

High stress and high strain on the spinal cord
are related to the impact strength of car accidents
(Table 6). Khuyagbaatar, Kim and Kim found that
when the initial impact velocity exceeded the
threshold of 4.5 m/s, spinal cord stress increased
significantly as the velocity of the test pellet
increased, regardless of the pellet size, resulting in
increased cord compression, cross-sectional area
reduction and obliteration of the cerebrospinal
fluid [62]. It has been demonstrated that during
a deeper impact, contusion is more sensitive to
impact velocity than during a shallow impact. Bone
fragment impact on the spinal cord considered
to be another parameter of SCI. Bone fragments
of vertebral bodies with high impact velocity
cause SCI and various degrees of neurological
deficits. In animal tests, impact velocity has shown
an interaction with impact depth that becomes
more important in determining the severity of
the damage beyond the depth threshold [69].
An overall increase in spinal cord deformation
results from an increase in impact velocity [46].
A fragment produced by a burst fracture moving at



Table 6. Summary of cervical spinal cord injury mechanisms

Mechanism Object Methodology Threshold value Reference
Head impact velocity Adult Accident investigation >3.1m/s [80]
Fragment impact velocity Animal (bovine) Simulation (FE model) >4.5m/s [62]
Stress Adult Simulation (FE model) > 8.1kPa [27]
Strain > 0.0117

Animal (rat) Simulation (FE model) > 0.1 maximum principal strain [104]

Compression force Animal (minipig)

Multiple Adult

Compression and flexion Animal (bovine)

Material properties Animal (bovine)

Animal (rat)

Adult

Animal tests

Accident investigation

Simulation (FE model)

Animal tests

Simulation (FE model)

corresponded to elevated
average levels of tissue damage
< 1.5 kg without injury or able [87]
to recover after injury
> 2.5 kg with injury and unable
to automatically recover
Flexion mechanism is main [66]
reason for injury (accounts for
48%)
Most serious sequela is
observed in crush fractures of
vertebrae (76% of patients)
Stress distribution of spinal [61]
cord under static compression
increased with greater flexion
speed of spinal cord
Grey matter is more rigid and [53]
fragile than white matter
Lower injury threshold of the [75]
highly vascularized grey matter
in comparison to white matter
Preferential damage to grey [45]
matter in comparison to white
matter

a high velocity may have a major impact on spinal
cord deformation and will maximize stress on the
spinal cord. Sparrey et al. reported that high-speed
injury caused the axons around the centre of the
spinal cord to be severed immediately, resulting in
increased dorsal/ventral haemorrhage [120].

2.4 Neck injury criteria

In order to quantify the relationship between
mechanicalload and human neck injury risk, many
quantitative criteria for neck injury have been
proposed based on various damage mechanisms
for different load environments. Common neck
injury indicators include the Neck Injury Criterion
(NIC), the Ny injury criterion, the Ny injury
criterion, the Lower-Neck Load Index (LNL) and
the Neck Displacement Criterion (NDC). These
guideline criteria are a basis for judging the design
of neck safety devices and safety strategies.

The NIC predicts the relationship between
spinal cord nerve tissue damage and pressure
gradients. Bostrom et al. assumed that pressure
gradients caused by a sudden change of the fluid
flow inside the fluid compartments of the cervical
spine are related to neck injuries [14]. Based on

the results of animal experiments, Bostrom et al.
simulated the neck injury index of the spinal canal
pressure pulse injury mechanism and defined the
NIC as follows:

NIC (t) = 0.28r(t) + Vel (1) (1)

where a,; and v, are the relative horizontal
acceleration and velocity between the bottom (T1)
and top (C1) of the cervical spine. The constant,
0.2, represents the approximate length of the neck
in metres. This equation accounts for what is
now widely held to be one of the most important
risk factors in Low Speed Rear Impact Collision
Cases (LOSRIC) injury—the retraction of the head
(head lag) during the first 100 ms or so of the
crash sequence [15, 115]. The damage threshold
is 15. When the NIC was below 8, the volunteers
in Bostrom et al’s study did not experience any
symptoms; when the NIC was 10, some volunteers
reported pain. In the cadaver experiment, when
the NIC was 18.6, ligament tears occurred.

The Ny neck injury criterion was proposed by
the US National Highway Traffic Safety Admin-
istration (NHTSA) to assess severe neck injuries
(AIS2+) from frontal impacts, including those with



airbag deployment and thus accounting for more
severe impact conditions at higher Av [67]. The Nj;
criterion implies a linear combination of the axial
forces and the flexion/extension bending moment,
both normalized by critical intercept values:

Fz My

N;; =
E Fint Mint

(2)

where Fz and Myare the axial force and the sagittal
bending moment, respectively.Fi,; and M, indi-
cate the critical force and critical intercept val-
ues. The threshold for damage is Ny equal to 1.
For the Hybrid III mechanical dummy (for frontal
impact), the critical values of axial force and bend-
ing moment are as follows: Fj,; (tension) = Fin
(compression) = 4500 N; Mj, (flexion) = 310 N-m;
and Mjy; (extension) = 125 N-m.

Since the critical values are proposed based on a
specific mechanical dummy, it is necessary to rede-
fine the critical values of each load when measur-
ing the Ny value with different mechanical dum-
mies. The Nj; is used mainly to study neck injury
in frontal-impact vehicle accidents.

The Ny, was proposed by Schmitt et al. [108].
It is based on a linear combination of shear forces
acting in the sagittal direction and extension/flex-
ion bending moments, both measured at the occip-
ital condyles. A similar approach led to the defi-
nition of the Nj; criterion for frontal impact, and
thus the newly proposed Ny, can be regarded as a
modification of the former. The Ny, criterion was
defined according to the following equation:

Fx(® n My (t)
Fint Mint

(3)

Nkm =

where Fx(t) and My(t) are the shear force and
the flexion/extension bending moment, respec-
tively; both values should be obtained from the
load cell positioned at the upper neck. F;,; and
Mjptrepresent critical intercept values used for
normalization. Ny, is used primarily to study
neck injury in rear-end-impact vehicle accidents.
The threshold of Ny, is 1. For the Hybrid III
mechanical dummy, the critical values of shear
force and bending moment are: Fy,; (forward) = Fi;
(backward) = 4500 N; Mjy; (flexion) = 310 N-m; and
Mjp; (extension) = 125 N-m.

The LNL is an indicator of the risk of neck injury
based on the load at the T1 thoracic vertebra. This
indicator is very sensitive to the design parameters
of the safety seat and is consistent with the mecha-
nism of facet joint injury supported by Yoganandan

et al. [141]. Its calculation formula is as follows:

_ |My1W| |Fxlw|

C FXC FZC

LNL |F 2wl ( 4)

where My, Fxiw and Fyy, are the bending moment,
shear force and axial force measured at the T1
thoracic vertebra, and the reference values are 15
N-m, 250 N and 900 N, respectively.

From their analysis of the kinematics of vol-
unteers, Viano and Davidsson developed the NDC
[132]. The angular velocity and line displacement
of the head relative to the T1 thoracic vertebra were
used as indicators of neck injury. The NDC was
given by the threshold channel on two graphs. The
horizontal axis was the vertical displacement and
rotation angle of the skull occipital sac relative to
the T1 thoracic vertebra, and the vertical axis was
the horizontal posterior displacement of the skull
occipital sac. In their figures, the threshold channel
divided the experimentally measured head and
neck dynamics into four grades: excellent, good,
qualified and unqualified.

The Intervertebral Neck Injury Criterion (IV-NIC)
is defined as the ratio of the intervertebral motion
under traumatic loading and the physiological
range of motion [92]. It is impossible to evaluate
dummies using the IV-NIC, as dummies are not
capable of simulating intervertebral motion. In
addition, the criterion is neither validated, nor is
there a threshold level proposed.

3. Prevention of neck injury
3.1 Passive safety

The main principle of safety devices that protect
the neck is to reduce the inertia generated by
the relative movement of the head and the body.
Based on this principle, the softened seat back,
the active head restraint, the smart head restraint,
the energy-absorbing seat base, the seat belt, the
airbag and other devices have been developed for
the protection of the vehicle occupant’s head and
neck. With advancements in the understanding
of neck injuries in vehicle accidents and the
development of simulation/experimentation tech-
niques, designs for neck protection devices are
becoming increasingly scientific, integrated and
intelligent.

These devices have been developed step by step
along with advancements in the understanding
of the mechanism of neck injuries. It was initially
thought that hyperextension of the neck was the
main cause of neck injury in a vehicle accident,



as a result of which head restraints, rear shifting
backrests and seat energy-absorbing devices were
developed. A developed mathematical approach
was established via the simulation of human
neck behaviour using the global seat back model
and the advanced global seat back model [117].
Song et al. used this approach to analyse four
different design parameters, including head-to-
headrest distance, seat-back joint stiffness, upper
seat-back stiffness and lower seat-back stiffness
[117]. They drew the conclusion that softening the
seat back could improve headrest performance
and increase the head-torso extension angle
and the moment force at the C7/T1 joint. The
Volvo Whiplash Protection Study (WHIPS) was
designed to control the movement of the backrest
in a rear-end impact [72]. The WHIPS seat also
reduced forward rebound and gave improved
closeness, as well as improving distributed load
support of the back and head on the basis of
tests. Building on the WHIPS research, Jakobsson,
Isaksson-Hellman and Lindman demonstrated
that the WHIPS seat supported the head and
avoided hyperextension of the neck in a rear-
end impact by analysing experimental data for
vehicle occupants [59]. Schmitt et al. used two
steel profiles as energy-absorbing elements that
plastically deformed and absorbed energy as the
seat moved backwards [107]. This device reduced
the maximum NIC and the relative displacement
between the head and T1, as well as T1 acceler-
ation. A seat slide mechanism was designed by
Luo and Zhou through quasi-static tests and finite-
element simulations. AMADYMO numerical model
consisting of a BioRID-II rear-impact dummy, seat
and vehicle floor was established, and a quasi-
static test demonstrated the process by which the
seat absorbed energy through deformation [73].
Based on Luo and Zhou'’s research, Zhang and
Zhou developed a sliding seat prototype based
on the bending of a steel trip, and used a sled
test to verify its structural effectiveness [145].
Hassan and Meguid used the Global Human Body
Model Consortium (GHBMC) finite-element model
to study the effect of seat belt use on injury to the
vehicle occupant’s neck during rear-end impact
[49]. Results obtained by comparative experiments
showed that the seat belt was capable of protecting
the body from vertical ramping during rear-end
impact and ensuring the correct position of the
headrest and the head. In addition, the seat belt
was able to prevent the occupant from moving
forward uncontrolled, and colliding with the
steering wheel or the windshield.

The headrest reduces the extent of neck dam-
age. However, whiplash in traffic accidents per-
sists. Volunteer low-speed collision studies have
shown that whiplash may be associated with
early neck movement during the collision, and
that hyperextension theory does not correctly
explain whiplash. In order to reduce the bending
amplitude of the neck in the early stage of the
collision process, active headrests and smart
headrests have been developed. Saab were the
first to introduce an active head restraint on the
Saab 9-3 [135]. This was a mechanical structure
that utilized leverage to implement protection of
the neck during rear-end impact. When a rear-end
collision occurred, the force pressing the seat back
from the occupant could be converted into forward
and upward movement of the head restraint. This
action limited the movement of the head so that
the cervical ligament did not bend excessively.
The Neck-Pro released by Mercedes-Benz was
the first proactive head restraint [3]. When the
collision signal received by the sensors reached
a preset minimum value, the electronic system
directed the active head restraint to release the
previously compressed spring to eject the head
restraint, thereby reducing the backset and topset.
Loughborough University invented a head restraint
called the Smart Head Restraint in 2007. The device
used a pair of ultrasonic sensors to detect the
position of the head and direct the head restraint to
automatically move to the most suitable position
by control algorithms and mechanical structures. It
was expected to protect the neck effectively during
the driving process [3]. A concept for an integrated
whiplash-mitigating head restraint and seat has
also been proposed [2]. The concept combines
the functions of the reaction head restraint and
Volvo’s WHIPS system, to produce a seat recliner
that moves with the head restraint simultaneously
during a rear-end collision. It has been found that
the device leads to a greater degree of protection
of the neck.

3.2 Active safety and neck injury prevention for
intelligent vehicles

Passive safety systems have advanced consider-
ably over the years, and the automotive industry
has shifted its attention to active safety, where
there are still a great many new unexplored
areas. Active safety is increasingly being used
to describe systems that use an understanding
of the state of the vehicle to avoid or minimize
the effects of a crash. These advanced driver-



assistance systems (ADAS) include braking sys-
tems, such as brake assist, traction control systems
and electronic stability control systems, which
interpret signals from various sensors to help the
driver control the vehicle. Active safety research
today focuses primarily on sensor-based sys-
tems, such as advanced driver-assistance systems
including adaptive cruise control and collision-
warning/avoidance/mitigation systems.

Collision-avoidance systems use radar (all-
weather) and sometimes lasers (LIDAR) and cam-
eras (employing image recognition) to detect an
imminent crash. Auto Emergency Braking (AEB) is a
feature that alerts drivers to imminent crashes and
helps them use the maximum braking capacity
of the car. AEB will independently brake if the
situation becomes critical and no human response
is registered. Yamada et al. studied the way
in which AEB could reduce injury by reducing
the maximum forward displacement of vehicle
occupants [137]. Also due to its warning sound
emitted before its activation, it has been proved
that AEB reduced the head acceleration compared
to a human break [105]. In addition to acting alone,
ABS can also reduce the impact on occupants in
collisions in conjunction with other active safety
technologies such as the pre-safety seatbelt (PSB).
When AEB is working, the appropriate activation
time of the PSB can reduce head and neck injuries
[63]. In a study of police-reported crashes, AEB was
found to reduce the incidence of rear-end crashes
by 39% [22]. Rizzi, Kullgren and Tingvall calculated
the overall benefits of AEB, in terms of both crash
avoidance and injury mitigation, finding that the
reduction of striking rear-end crashes in 50 km/h
speed areas ranged between 54% and 57% [102].

In addition to AEB, Forward Collision Warning
(FCW) can also reduce rear-end crashes [22].
There are also other active safety technologies,
such as Forward Collision Warning and Brake
support combined with Adaptive Cruise Control
(CWB+ACC) and the Advanced Automatic Crash
Notification system (AACN), that have a significant
impact on the collision safety of cars. For vehi-
cles with CWB+ACC, rear-end frontal collisions
are reduced by 38% [54]. Bose et al. developed
a computational methodology to enhance the
existing AACN framework, and found a significant
improvement in post-crash injury prediction [12].

In future, highly automated vehicles, especially
driverless ones, pose new challenges to passenger
crash safety. In highly automated vehicles, the pos-
ture of the occupant is complex and changeable—
the posture of the driver in particular has changed

significantly—and different postures produce dif-
ferent injuries in the event of collision. Shateri and
Cronin demonstrated that the location of injury
or pain depended on the occupant’s initial pos-
ture, and that head position therefore had con-
siderable influence when a crash occurred [111].
Hault-Dubrulle et al. investigated the effect of pre-
collision occupant posture on injury outcome dur-
ing collisions—with three typical responses being
bracing rearward into the seat, straightening the
arms against the steering wheel and swervingin an
attempt to avoid the impacting vehicle—and found
that an out-of-position (OOP) situation has a huge
influence on injury [50]. Bose et al. found occu-
pant posture to be the most significant parameter
affecting the overall risk of injury in frontal colli-
sions, out of the four parameters of mass, stature,
posture and bracing level [13]. Passenger posture is
therefore an important issue for passenger crash
safety in driverless cars.

Changes in the occupant’s posture raises the
requirements for a restraint system. In a highly
automated vehicle, the driver’s head may be in
a non-neutral position, which may increase the
potential for injury during a crash [4]. One possi-
ble occupant position in a self-driving car is lean-
ing against the seat back while the seat back is
reclined. As the seat back recline angle increases,
the belt fit worsens and may cause greater injury to
the occupants when a crash occurs. Alternatively,
occupants of highly automated vehicles may not
be belted or retrained in their seats, which may
cause greater injury when crashes occur. In the
event of a crash, the impact time of the occu-
pant’s head and the airbag is also different for OOP
occupants, which leads to significant differences
in dummy head accelerations [99]. The effect of a
reclined seat back in a moving vehicle on the dete-
rioration of occupant protection and modification
of the injury pattern was the subject of Thorbole’s
study; the results showed that the effect of the
belt was diminished when a crash occurred with
a reclined seat back [125]. Even on autonomous
vehicles, we then do not recommend to letting the
possibility to recline too much the seatback, as well
as to not wear seatbelts.

The adaptive restraint system brings oppor-
tunities to solve the problem of the self-driving
vehicle occupant’s posture. The adaptive restraint
system automatically adjusts the characteristics
of the occupant-restraint system based on the
strength of the collision and the characteristics of
the occupant at the time of the accident, thereby
minimizing the risk of occupant injury after a col-



lision. The working principle of the system is that
when the sensor registers a collision, the system
will automatically adjust the airbag detonation
[7], the pre-tension of the seat belt [63] and the
position of the headrest [64, 65, 94] according to
the location and the severity of the collision, which
can minimize the relative displacement between
head and torso when collision, especially rear-
end collision, occurs. This solves the problem of
occupant posture, especially the optimal matching
relationship between the spatial position of the
head and neck and the restraint system. Compared
to traditional restraint systems, the adaptive
restraint system incorporates active headrests and
can more effectively reduce the risk of neck injury
to the occupant in the event of rear-end collisions
[4, 52, 126]; moreover, the addition of the decision-
making system enables more precise control of
the initiation of the airbag and the preload of the
seat belt in collisions [13]. The risk of occupant
injury is further reduced, and the adaptability
of the entire system is more efficient and more
stable. In the field of smart cars, by cooperating
with the sensor system of the vehicle, the adaptive
restraint system can predict the position where
the collision will occur, and automatically calibrate
the occupant-restraint system according to the
conditions of the occupant’s sitting posture. The
parameters are adjusted so that the probability
of the occupant’s being injured in the event of a
collision is greatly reduced, as is the safety risk
caused by the occupant’s being OOP.

Beside the posture issue, the level of attention
will be different, or even non-existent, in future
autonomous vehicles. Mainly due to the fact that
the rules on the roads will be respected, and if
an event happens, it will be at lower energy than
nowaday [123]. This is why research in this field
has to focus both on numerical simulation and
in vivo tests. To access the internal body injury
mechanisms (numerical models) on one side, and
to continue to validate the models, at low acceler-
ation levels, taking into account the physiological
aspects of the living human body (experimental
tests), on the other side.
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