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Abstract

Background: Direct rear head impact can occur during falls, road accidents, or sports accidents. They
induce anterior shear, flexion and compression loads suspected to cause flexion-distraction injuries at
the cervical spine. However, post-mortem human subject experiments mostly focus on sled impacts
and not direct head impacts.

Methods: Six male cadavers were subjected to a direct rear head impact of 3.5 to 5.5 m/s with a 40 kg
impactor. The subjects were equipped with accelerometers at the forehead, mouth and sternum. High-
speed cameras and stereography were used to track head displacements. Head range of motion in
flexion-extension was measured before and after impact for four cadavers. The injuries were assessed
from CT scan images and dissection.

Findings: Maximum head rotation was between 43 degrees and 78 degrees, maximum cranial-caudal
displacement between -12 mm and -196 mm, and antero-posterior displacement between 90 mm and
139 mm during the impact. Four subjects had flexion-distraction injuries. Anterior vertebral
osteophyte identification showed that fractures occurred at adjacent levels of osteophytic bridges. The
other two subjects had no anterior osteophytes. They suffered from C2 fracture and one subject had a
C1-C2 subluxation. C6-C7 was the most frequently injured spinal level.

Interpretation: Anterior vertebral osteophytes appear to influence the type and position of injuries,
while osteophytes would seem to provide stability in flexion for the osteoarthritic cervical spine, but to
also lead to stress concentration in levels adjacent to the osteophytes. Clinical management of patients
presenting with osteophytes fracture should include neck immobilization and careful follow-up to
ensure bone healing.
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1. Introduction

Rear head impact can occur in different situations, including motorcycle or bicycle accidents
(Bourdet et al., 2014; Molinero, 2013), car and pedestrians collisions (Yin, Li and Xu, 2017)
and sports accidents (Dennison, Macri and Cripton, 2012; Bailly et al., 2018). This type of
head impact generates flexion and compression loads on the spine (King, 2018, p. 209; Viano
and Parenteau, 2008). Nightingale et al. (2019) postulated that compression and compression
buckling are the main mechanisms of cervical spine dislocation than hyperflexion.
Dislocation is a serious correlated with a high risk of spinal cord injury (Mattucci et al.,
2019). Dislocation and subluxation is the most severe stage of flexion-distraction type
injuries, which are characterized by rupture of the posterior ligamentous complex and
intervertebral disc (IVD) with or without bony fracture (I1zzo et al., 2019). Flexion-distraction

injuries are common at the cervical spine and are associated with neurological deficits in 61%



of cases (Blauth et al., 2007). It is therefore important to characterize the mechanisms leading
to flexion-distraction injuries to better understand them and design more efficient safety
devices to counter them. However, studies on direct head impacts, which are susceptible to

lead to flexion-distraction injuries, are few and are rarely performed on full body specimens.

Several studies on cervical spine trauma due to head loading have used specimens composed
of the complete cervical spine, with the head or an artificial head. Some previous studies
performed axial loading to the head with an hydraulic testing device (Maiman, Yoganandan
and Pintar, 2002; Pintar et al., 1998; 1990). Maiman et al. (2002) and Pintar et al. (1998)
observed cases of flexion-distraction injury due to axial compression loading of the head.
However, this scenario is not necessarily representative of the transient loading experienced
during real-life accidents. Regarding the injuries, Pintar et al. (1990) mostly produced
vertebral body fractures since they straightened the cervical spine before loading. lvancic
(2012) simulated head impact by propelling cervical spine specimens incorporating a
surrogate head to a wall with a forward head protrusion. All ten of their osteo-ligamentous
specimens sustained injuries to the posterior ligamentous complex at C7-T1. However,
muscles and soft tissues were removed from the specimens and the fixation at T1 may have
increased the loads sustained at the C7-T1 functional spinal unit (FSU). Using five post-
mortem human subjects (PMHS), Pintar et al. (2010) performed frontal sled impact. Three
specimens had lower cervical spine dislocation at C6-C7 or C7-T1 accompanied with
vertebral body fractures, but this test corresponds to a different mechanism than direct head
impact. Three different studies examining neck compression injuries following impact to the
top of head performed on PMHS were analyzed by Viano and Parenteau (2008). Merging the
results of the three tests studies, it was shown that head velocity is linked to impact force and
risk of serious injury. There is, however, a dearth of kinematics and injury data direct rear

head impacts in the literature.

While the PMHS used in experimental studies are often old and susceptible to osteoarthrosis,
the osteophytes influence on cervical spine injuries has never been investigated. Spinal
segments with osteophytes are stiffer under axial loading and exhibit a higher load at failure
(Wagnac et al., 2017). Osteophytes at the thoracolumbar spine restrain movements, especially

bending (Al-Rawahi et al., 2011). It is therefore conceivable that osteophytes could protect



the spine from trauma by limiting movement. In a clinical study of cervical spine injury
among professional wrestlers, Sasaki et al. (2018) observed that for patients with large
anterior osteophytes, spinal cord injury occurred at levels adjacent to the osteophytes. Yet,
previous experimental studies did not report the presence or location of osteophytes.
Considering that cervical disc degeneration has been reported in asymptomatic subjects aged
52 on average (Tao et al., 2021), while they are still active, it is important to study whether
osteophytes and spinal degeneration have an impact on neck injury tolerance.

The objective of this study is to characterize injuries and head kinematics resulting from

direct dynamic rear head impact as well as the influence of osteophytes on injuries.

2. Methods

2.1 Preparation of post-mortem human subjects

Six male PMHS embalmed with zinc chloride solution (41%) were used (Goodarzi, Akbari and
Razeghi Tehrani, 2017). Male subjects were selected since approximately 75% of traumatic spinal
cord injury victims are males (Wagnac et al., 2019). The PMHS were aged between 83 and 96 years
old, and their height was between 154 and 187 cm. A CT scan was performed to check for spinal
pathologies, along with a phantom to enable the measurement of the trabecular bone mineral density
(TBMD). Using the 3D slicer software (http://www.slicer.org), the antero-posterior length of the
cervical osteophytes was measured as described in Al-Rawahi et al. (2011). The middle sagittal
thickness of the cervical spine 1VD and the length from CO to T1 were also measured on the CT
images. The facet angles relative to the transversal plane were measured on the CT scan images
according to the method described by Ebraheim et al. (2008), and the right and left facet angles were
averaged. A Thompson grade for assessing the IVD degeneration was assigned to each subject based
on the presence and size of osteophytes (Thompson et al., 1990). The most severe grade among all

spinal levels was assigned to each subject.

2.2 Manual mobility evaluation and impact test

Prior to impact, the PMHS were mobilized manually in flexion-extension, axial rotation and lateral

bending for 20 cycles to reduce post-mortem rigidity and pre-condition the cervical spine. Then, their



heads were rotated manually to maximal flexion and maximal extension to assess the pre-trauma range
of motion (RoM). Position markers were glued on the PMHS head and shoulder. The motion was
filmed with two cameras (Fastcam SA3, Photron, San Diego, United States) and the Vic3D system
(Correlated Solutions, Irmo, United States) was used to report the markers’ 3D positions and measure

the head displacements.

A) B)

Figure 1 — Test bench and subject instrumentation. A) Seat design and dimensions; grey arrows represent possible seat
adjustments. B) Accelerometers and markers’ position and coordinate systems. The accelerometers are represented by a
black cross. The black and white markers represent the points followed by stereography. The red coordinate system
represents the subjects’ specific coordinate system.

After the mobility evaluation, head impact was done with a 40 kg horizontal impactor with a cross-
section of 75 mm of diameter propelled by a system of springs. A 40 kg mass corresponds
approximately to the mass of the head, neck, thorax and arms of a 50" percentile male (De Leva, 1996;
Davis, Vavalle and Gayzik, 2015). The dimensions of the impactor were chosen to fit the load cell
dimensions (capacity of +30 kN, type 9347C, Kistler, Winterthur, Switzerland). The PMHS were
seated in a custom bench made from an isolated car seat and rails (Peugeot 307, Peugeot, Poissy,
France) fixed to an elevation platform (Figure 11). The bench was designed to enable the positioning
and orientation of the subject prior to the impact. The seat was adjusted for the impactor to hit the
parietal region of the PMHS skull. The parietal region was chosen since it was identified as the main
site of impact for rear impact among motorcyclists (Molinero, 2013). The PMHS were attached with
straps to the seat: one at the hips and one under the arms. Weights (total of 120 kg) were placed on the
platform to reduce its motion during the impact. Four combinations of subject backward inclination,
length of contact between the impactor and the head before the impactor is stopped by the propulsors
system and velocity of impact were tested, as described in Table 1. The subject backward inclination
was measured in the sagittal plane in relation to the erected position and the length of contact was
measured by the distance between the head and the end of the impactor trajectory. A backward subject

inclination of 25 degrees was chosen to match the inclination of previous PMHS sled tests (Meyer et
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al., 2019; Pintar, Yoganandan and Maiman, 2010; White et al., 2009) and to enable impact at the
parietal region of the head. The 20 cm length of contact was chosen to ensure full flexion of the neck.
The impact energy was measured as half of the mass multiplied by the velocity square (Schmitt et al.,
2019). Three impact velocities (3.5, 4.7 and 5.5 m/s) were chosen to fit past experimental testing
(Nightingale et al., 1996; Saari, Itshayek and Cripton, 2011; lvancic, 2012; Viano and Parenteau,
2008; N. A. Yoganandan et al., 2000) and to surpass the neck injury tolerance. A 2 cm thick foam
protector (PUG-10-480) was placed at the extremity of the impactor. A helmet (Oxelo MF500,
Decathlon, Lille, France) was used at medium and high velocity to avoid skull fracture (identified in
Table 1). A flexible plastic was positioned to support the back of the neck and maintain C4-C5
perpendicular to the seat, which ensured a neutral positioning of the neck (Saari, Itshayek and Cripton,

2011). After impact, the manual mobility evaluation procedure was repeated.

Table 1 — Impact conditions

Subject Impact velocity | Impact energy | Head backward | Length of Helmet
number (m/s) @) angle (degrees) | contact used

between the

head and

impactor (cm)
1 3.5 245 25 0 No
2 35 259 0 20 No
3 4.7 461 25 20 Yes
4 4.7 442 25 20 Yes
5 55 627 25 20 Yes
6 55 605 25 20 Yes

2.3 Instrumentation and data analysis

The PMHS were equipped with nine £250 g range uniaxial accelerometers (EGAS S403A-250-
/L1.5M, TE Connectivity, Schaffhouse, Switzerland): 3 on the forehead, 3 in the mouth and 3 on the
sternum. One uniaxial accelerometer was placed on the impactor in the direction of the impact. The
location and coordinate systems of the accelerometers are shown in Figure 1. A triaxial load cell
(capacity of £30 kN, type 9347C, Kistler, Winterthur, Switzerland) was placed on the impactor under
the foam protector. Data were collected at 10 000 Hz by the data acquisition system (Kidau 3446,
Kistler, Winterthur, Switzerland).




Acceleration and force data were filtered using a low-pass second-order Butterworth filter (cut-off
frequency of 1000 Hz) as recommended by the SAE J211 specifications. The resultant of the mouth
accelerometer data in the three axes was reported since it is difficult to correctly align the
accelerometers in the mouth. The head and shoulder markers’ 3D positions were recorded using
Vic3D. The images were filmed at 1000 Hz with two high-speed cameras (Fastcam SA3, Photron, San
Diego, United States). The subject-specific coordinate system (SCS) was constructed from three
markers placed on the subject (Figure 1). The markers’ positions were then projected onto the SCS
sagittal plane to measure the head rotation and displacements during mobility evaluation and impact
testing. The timing of the head rotation relative to the head anterior translation was measured using the

head displacement data.

After the impact and post-trauma manual mobility evaluation, another CT scan was performed. The
images were reviewed by a neurosurgeon to identify bony fractures and signs of disco-ligamentous
injuries. Finally, the cervical spine was dissected by a neurosurgeon. The integrity of the IVD and
ligaments was visually assessed. The AO spine classifications for the upper cervical spine (C0-C3)

and subaxial spine were used to classify the injuries (Vaccaro et al., 2016; Divi et al., 2019).

3. Results

Table 2 shows the anterior osteophytes’ spinal level, type of osteophytes, antero-posterior length and
volume. The PMHS’ age, measured TBMD, the 1VD middle thickness and the Thompson grade are
also presented in Table 2. The average TBMD was between 200 mg/cc and 370 mg/cc and the
Thompson grade between Ill and V. Two subjects (PMHS #1 and #5) had no anterior vertebral
osteophytes. PMHS #2 was the most osteoarthritic, with the lowest TBMD. The anterior osteophytes

were fused at C4-C5 and the vertebrae C6 and C7 were fused.



Table 2 — Trabecular bone density, anterior osteophytes description and intervertebral disc average middle height and

subject age

Subject | Age | Trabecular Antero- Intervertebral Facet angle | Most severe
number bone mineral | posterior disc thickness relative to Thompson
density length of (mm) transverse grade
(mg/cc) osteophytes plane
(mm) (degrees)
1 83 | C2:330 0 C2-C3:5.3 C2-C3: 67 i
C3: 370 C3-C4: 4 C3-C4:51
C4: 400 C4-C5: 35 C4-C5: 41
C5:430 C5-C6:1.2 C5-C6: 35
C6: 350 C6-C7:4.1 C6-C7: 25
C7: 310 C7-T1:3.8 C7-T1: 13
Average: 370 Average: 3.7
2 94 | C2:230 C2:10 C2-C3:4.1 C2-C3: 38 \Y
C3: 240 C3:6.4 C3-C4:2.7 C3-C4: 38
C4: 230 C4:5.9 C4-C5:2.8 C4-C5: 27
C5: 170 C5:5.1 C5-C6: 3 C5-C6: 24
C6: 170 C6-C7: 0 (fused | C6-C7:28
C7:190 vertebrae) C7-T1:15
Average: 200 C7-T1:45
Average: 2.9
3 84 | C2:320 C4:4.5 C2-C3:5 C2-C3:55 \Y
C3: 310 C5: 3.7 C3-C4: 4.6 C3-C4: 37
C4: 390 C6:2.3 C4-C5:2.8 C4-Ch5: 28
C5: 420 C5-C6: 2.6 C5-C6: 14
C6: 370 C6-C7: 4.7 C6-C7: 11
C7: 340 C7-T1: 4.1 C7-T1:6
Average: 360 Average: 4
4 82 | C2:310 C5:13 C2-C3:3.6 C2-C3: 37 v
C3: 350 C6:1.8 C3-C4:4.3 C3-C4: 41
C4: 350 C4-C5:4.3 C4-C5: 35
C5: 350 C5-C6: 3 C5-C6: 29
C6: 310 C6-C7:4.1 C6-C7: 26
C7: 300 C7-T1: 3.7 C7-T1: 17
Average: 330 Average : 3.8
5 88 | C2:300 0 C2-C3:4.3 C2-C3: 49 i
C3: 300 C3-C4:2.8 C3-C4: 37
C4: 380 C4-C5:3.4 C4-C5: 25
C5: 400 C5-C6: 3.5 C5-C6: 18
C6: 320 C6-C7:2.4 C6-C7: 14
C7: 280 C7-T1: 4 C7-T1:6
Average: 330 Average: 3.4
6 96 | C2:380 C4:25 C2-C3:3.9 C2-C3: 57 \%
C3: 330 C5:25 C3-C4:2.7 C3-C4:51
C4: 230 C6: 3 C4-C5:2.4 C4-C5: 30
C5: 180 C5-C6: 1.7 C5-C6: 29
C6: 190 C6-C7:2.1 C6-C7: 31
C7: 290 C7-T1: 2.2 C7-T1: 23
Average: 270 Average: 2.5




Different injuries were identified on the post-impact CT scan images and during dissection (Figure 2).
A schematic representation of the subjects’ cervical spine, the post-trauma injuries and the anterior
osteophytes are reported in Figure 3. The two PMHS without anterior osteophytes (PMHS #1 and #5)
had fractures at the C2 vertebral body (Erreur! Source du renvoi introuvable. 3). PMHS #2
presented a fracture of the superior osteophyte at C3 and a fracture at the fused C6-C7 vertebrae. The
other three subjects (#3, #4 and #6) had posterior disco-ligamentous injuries at C6-C7 or C7-T1 (type
B2). The other injuries were fractures at the facets at C3-C4, C5-C6 or C6-C7 (type F1). PMHS #6
also had fractures of the lamina at C3 and of the lamina and spinous process at C6. There was one case
of subluxation at C1-C2 (PMHS #5).



Figure 2 — Post-impact injuries as seen on CT scan images. A) C2 endplate fracture shown on CT scan images (PMHS #1)
B) Anterior osteophyte fracture at C3 shown on CT scan images (PMHS #2) C) Dissection of posterior cervical spine
showing ligamentous disruption at C5-C6 and C6-C7 (PMHS #4) D) Odontoid fracture shown on CT scan images (PMHS
#5) E) Vertebral body fracture at C3, C4 and C6 shown on CT scan images (PMHS #6)
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Figure 3 — Cervical spine contour of the subject after the impact. Schematic representation made from CT images of the
subjects and post-trauma dissection. Osteophytes are represented in blue, fractures are represented by dotted red lines and
disco-ligamentous injuries are represented by red dashes. L is the length of the neck from CO to T1. C is the circumference of
the neck, including the soft tissues. The Thompson grade corresponds to the most severe grade in the entire cervical spine.
The impact force in the axial and antero-posterior direction is given in Newton adjacent to the blue arrows and the energy of
the impact is indicated in joules in the orange square.

The head flexion-extension RoM measured during the manual mobility tests before and after the
impact are presented in Table 3. This test was not performed on PMHS #1 and #2. The flexion-
extension RoM increased between 35 and 75% after impact. The PMHS with larger osteophytes had a
smaller pre-impact global RoM. The head displacements relative to the shoulders during the impact
are presented in Table 3. The cranial-caudal displacements were between -12 and -196 mm. In all
cases, the cranial-caudal displacement was negative, which is normal during neck flexion. This
movement was generally larger as the impact velocity increased. The relative anterior posterior
translation (90 to 140 mm), however, did not show a relation with the impact velocity. Finally, the
head rotation was almost doubled from the lowest velocity (43 to 45 degrees) to the medium and high
velocity (between 69 and 78 degrees). The head anterior translation occurred prior to head rotation in

all cases and with a delay of 14 ms on average.
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Table 3 — Pre- and post-trauma flexion-extension global range of motion and head displacements during impact relative to
the shoulders measured by markers tracking

Subject Pre-impact Post-impact Difference Head cranial- | Head antero- | Head rotation Timing head
number flexion- flexion- between the caudal posterior during impact rotation
extension extension pre- and post- | displacement displacement (degrees) relative to
RoM RoM impact RoM during impact | during impact head
(degrees) (degrees) (%) (mm) (mm) translation
(ms)
1 -12.1 90.4 43 13
2 -30.1 139.3 45 15
3 32 56 75 -97.6 1255 * 78 6
4 34 50 47 -195.6 118.8 75 10
5 57 77 35 -194.7 * 133.3* 71 16
6 42 66 57 -182.7 98.2 69 23

Asterisks indicates that some of the test data are missing due to a loss of visualization of markers.

The load cell data for all the impacts in the antero-posterior and cranial-caudal directions are presented

in Figure 4. The antero-posterior direction force was higher for PMHS #1 and #2 because of the

absence of a helmet, and the duration of the impact was about 3 times smaller. From the medium
velocity impacts (PMHS #3 and #4) to the high velocity impacts (PMHS #5 and #6), the antero-

posterior force increased slightly (8%), and the shape of the curves were similar. The axial force

increased between the three velocities. There was a positive force measured in the axial direction for

subject #3, which may have been caused by a slippage of the impactor on the helmet. There was a dip

in the antero-posterior curve for PMHS #4, accompanied by a rise in the axial force, which could also

be explained by a slippage of the impactor.
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Figure 4 — Load cell data at the impactor in A) the antero-posterior direction and B) the cranial-caudal direction. Forces
(Newtons) measured during the impact for PMHS 1 to 6 in relation to time (seconds). The data were filtered with a low-bass
second-order Butterworth filter. The triaxial cell load was placed on the impactor under the protective foam.

Peak values of the PMHS accelerometers data are shown in Table 4. Peak accelerations in the left-
right direction (y) were small as compared to the other accelerations, which show that the motion was
mostly in the sagittal plane. The sternum accelerations magnitudes were 13 to 55% of the forehead

resultant accelerations, indicating that the sternum motion was still present. The resultant acceleration
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measured at the mouth was between 55 and 147 g, and tended to increase with the velocity of the

impactor. Some accelerometers data are absent for PMHS #5 and #6 due to material malfunction.

Table 4 — Peak accelerations during the impact for all the PMHS

Subject | Forehead | Forehead | Forehead | Sternum | Sternum | Sternum | Mouth

number | accele- accele- accele- accele- | accele- | accele- resultant
ration ration ration ration ration ration accele-
(X) (Y) (2) X)@ [(M(@ |@(@ |ration
(9) (9) (9) (9)

1 39 -9 55 31 2 8 55

2 47 -5 0 5 -2 10 69

3 30 -7 -78 -4 -1 -10 83

4 97 29 -163 -91 -1 8 147

5 ERROR ERROR ERROR -64 2 -13 ERROR

6 14 -13 -108 59 -3 -12 ERROR

4. Discussion

This, to our knowledge, is the first full scale study to test rear head impact on PMHS. A new test
bench and protocol were designed to submit six male PMHS to a rear head impact of 250 to 630
joules. Using whole body PMHS generates less artificial boundary conditions as compared to head-
neck specimens, whose fixation leads to high loads at the lower segments. The rigidity due to soft
tissues and passive muscles is also preserved. These factors lead to more realistic impact loads, head
kinematics and injury patterns. This study provides essential information allowing to understand the
dynamic head impact and to validate finite elements models that simulate dynamic neck loading. This

is also the first experimental study to investigate the impact of osteophytes on cervical spine injuries.

Most of the injuries produced herein were flexion-distraction type injuries (type B1 or B2 in the
AOSpine classification) and two PMHS had an articular facet fracture. Posterior disco-ligamentous
injuries were confirmed at autopsy at C5-C6 (once) and C6-C7 (twice). C6-C7 was the most
commonly injured level. This corresponds to the most frequent spinal levels for clinical flexion-
distraction injuries at the cervical spine (Quarrington et al., 2018). The prevalence of disco-

ligamentous injuries at the subaxial cervical spine (C5-C7) suggests that these injuries are created by
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tensile loading of the posterior elements. The flexion moment in the cervical spine created by the
antero-posterior impact force is higher in the lower cervical spine due to the longer moment arm. The
facets’ angles relative to the transversal plane at the subaxial cervical spine are smaller (24 degrees on
average at C5-C6 and C6-C7 for our subjects), which means that the articular facets can offer less
resistance against anterior shear as compared to the cranial levels, which could explain the prevalence
of injuries at C6-C7. Two subjects suffered from C2 fracture and one (PMHS #5) also had a C1-C2
subluxation. C2 fracture due to falls or motor vehicle accidents are frequent in older patients (Tadros
et al., 2019; Barrey et al., 2021). While odontoid fracture has been associated with upper cervical spine
hyper-extension (lvancic, 2014), in vitro testing has suggested that the odontoid process is prone to
avulsion from tensile forces due to extension or flexion of the upper cervical spine (Nightingale et al.,
2002; 2007). Althoff (1979) showed that a combination of antero-posterior shear (both in anterior and
in posterior) and axial compression lead to odontoid fractures, while hyper-flexion, hyper-extension or
shear loading only did not. This is similar to what we observed for PMHS #5, and suggests that

anterior shearing and compression is a possible injury mechanism for odontoid process fracture.

Two of the PMHS suffered from injuries at non-contiguous spinal levels, which is similar to Ivancic
(2012), who observed neck buckling causing injuries to the posterior ligaments at C7-T1,
accompanied by injuries at another FSU at the upper or middle spine. They also reported spinous
process fractures and atlas and odontoid fractures, similarly to our study. However, their specimens
were osteo-ligamentous cervical spines combined with an artificial head, and the impact was
performed on the top of the skull. Pintar et al. (2010) obtained dislocations at C6-C7 or C7-T1,
accompanied by vertebral body fracture on three specimens during frontal sled tests. However, their
impact velocities, 6.9 m/s and 15.8 m/s, were superior to our velocities, and they used a multi-impact
protocol. Pintar et al. (1998) obtained cases of posterior ligament disruption at the lower cervical spine
and cases of vertebral fractures or dislocations. However, they applied a vertical load at 2 to 5 m/s on
the head with the cervical spine pre-flexed, while our PMHS had a neutral cervical spine position and
were impacted at the rear of the head. Their measured failure forces ranged from 3000 to 9700 N,
which is higher than the loads we measured: resultant force of 1800 N to 2800 N at the impactor. In
the present study, the maximum forces were similar in amplitude to the force at the impact surface
reported by Nightingale et al. (1996), even though the muscles were removed from their specimens.
The axial compression force was small as compared to the anteroposterior force for PMHS #1 to 3. In
subjects #4 to 6, the compressive force represented 40 to 50% of the anteroposterior force, which
might have contributed to the creation of facet fractures (PMHS #4 and #6). Our experimental results
show that anterior shear and flexion loading of the spine can lead to flexion-distraction injuries.
However, a greater compressive force may be needed to result in subluxation or dislocation, which

could be tested in a future study.

15



Distinct injury patterns were observed depending on the presence and location of anterior vertebral
osteophytes. The specimens without anterior osteophytes suffered from C2 vertebral body fracture.
The subjects with anterior osteophytes did not have injuries at the upper cervical spine, but B1 or B2
injury at the subaxial spine. This suggests that the presence of anterior vertebral osteophytes protected
the osteoarthritic subjects from upper cervical spine injury. Osteophytes were found to resist bending
moments at the thoracolumbar spine (Al-Rawahi et al., 2011) and to reduce cervical RoM (Kuhlman,
1993). FSU with osteophytes offer better resistance to axial loading and are less prone to compression
fracture (Wagnac et al., 2017). Therefore, anterior osteophytes and lower bone density seem to protect
the PMHS from the occurrence of bone fracture. The pre-trauma RoM of PMHS #3 and #4 (with
anterior osteophytes) was smaller than the pre-trauma RoM of PMHS #5, with no anterior vertebral
osteophyte. This is in agreement with established knowledge that RoM decreases with age and with
the presence of osteophytes at the thoracic spine (Healy et al., 2015). Pre-impact RoM in flexion-
extension showed that subjects with more osteophytes had a smaller initial RoM. Therefore, anterior
osteophytes seem to limit the bending of the spine. Also, the osteophyte fracture at C3 observed for
PMHS #2 suggests that the osteophytes resisted movement during the impact. However, our results
also show that B1 type fractures were produced at levels inferior or superior to osteophytic bridges.
The same phenomenon was observed by Sasaki et al. (2018) for cervical spine injuries in professional
wrestlers with giant anterior osteophytes. Our experimental results suggest that anterior osteophytes
provide stability in flexion and protect the spinal levels where they are formed but seem to increase the
stress at the adjacent spinal levels. However, given the small number of subjects in our study and the
absence of a control group without spinal degeneration, the observed trends should be confirmed
through additional experiments. Finite element analysis could investigate the impact of spinal
degeneration by controlling the number, size and position of anterior osteophytes and the rigidity of
the cervical spine and the bone quality. The clinical care of patients with an osteophyte fracture should
include observation of the state of the osteophytes, and immobilization could be recommended until
the osteophytes have been repaired. Also, active patients with diagnosed osteophytes should be

advised of the potentially increased risk of injury.

In our study, the forehead and mouth acceleration were higher than the head acceleration previously
reported at the head center of gravity in full scale experiments using sled tests (N. A. Yoganandan et
al.,, 2000; Pintar, Yoganandan and Maiman, 2010). However, the head accelerations are in
concordance with what was reported at the head center of gravity for direct head impact on PMHS by
Viano and Parenteau (2008). Head acceleration increased with impact velocity, but for the tested
range, it did not seem to increase the risk of injury. Cranial-caudal displacement increased with the
velocity of the impact and head rotation, but the maximum antero-posterior displacement showed no

clear pattern. The amplitude of antero-posterior displacement is probably dependent on the subject’s
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morphometry, but may also be influenced by other spine motions, such as cervical spine buckling. For
every subject, head rotation occurred after head anterior translation, with a delay of 6 to 23 ms,
indicating the importance of anterior shear as compared to flexion in the injury mechanism. Global
head rotation increased from low velocity to medium and high velocities, but not between the medium
and high velocities. Neck rotation exceeded the physiological maximum flexion of 65° determined by
Niewiadomski et al. (2019) and the maximum flexion of 48.5° determined for volunteers wearing a
motorcycle helmet (Lecoublet et al., 2019) for PMHS hit at medium and high velocities (# 3 to 6), but
not for PMHS hit at low velocity. The same protocol should be applied in the future to PMHS
equipped with a motorcycle helmet or a neck brace since wearing protective equipment affects the
head kinematics, and therefore, the resultant injuries. Articular facet fracture and disco-ligamentous
injuries were seen only for cases of high flexion, suggesting that flexion is an important mechanism in

the development of this type of injury.

This study has certain limitations that should be noted. The subjects were older than the average age
for traumatic spinal cord injury (Wagnac et al., 2019), and some had important anterior osteophytes
and grade IV or V degeneration (Thompson et al., 1990). However, osteoarthritis frequently develops
with age (Anderson and Loeser, 2010). Considering that the osteoarthritic cervical spine has a
different biomechanical behaviour than the healthy spine and that the number of older drivers is
increasing (Islam and Mannering, 2006), it is essential to improve our knowledge of the osteoarthrosis
cervical spine response to dynamic loading and tolerance to injury. Furthermore, age is related to
decreasing RoM, decreasing IVD height and decreasing anteroposterior spinal canal width at the
cervical spine (Yukawa et al., 2012). These phenomena are susceptible to impact the cervical injury
response, and older people have been shown to be at greater risk of spinal injury in motor vehicle
accidents (Bilston, Clarke, and Brown, 2011). Finite element analysis could be performed in a future
study to investigate the impact of cervical spine degeneration due to age on the pattern of injuries and
tolerance to injury. Only male subjects were used in the present study since traumatic spinal cord
injury is more frequent in men (Wagnac et al., 2019). Considering the anatomical differences between
men and women (Linder and Svedberg, 2019; N. Yoganandan et al., 2017), the head kinematics and
the injury patterns reported herein are likely to differ with gender. Further experiments should include
female subjects to investigate these differences. Indeed, previous studies have shown different head
and neck kinematic responses between male and female subjects (Siegmund et al., 1997; Stemper,
Yoganandan, and Pintar, 2003; Linder and Svedberg, 2019) and greater intervertebral angles under
dynamic loading in female head-neck specimens (Stemper, Yoganandan, and Pintar, 2003). Moreover,
attaching subjects to the seat may lead to unrealistic movements between the torso and the neck and
reduce the likelihood of neck buckling due to torso inertia. This might therefore affect the cervical

spine injury response. However, this effect appears less significant than the boundary conditions
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created by fixation at the bottom of the cervical spine done with head-neck specimens. While the
muscles were preserved, the effect of muscle activation is absent in this experiment. However, for
severe impacts, muscle activation during head impact is negligible as compared to the effect of
ligaments and passive muscles (Kuo et al., 2019). Finally, the number of subjects was too small to
allow a statistical analysis of the test parameters’ effect, which is often the case with full body
cadaveric studies. More tests should be done in the future to better understand the effects of the impact

velocity and the PMHS morphology and bone pathology.

5. Conclusions

Understanding the mechanisms of injury and neck tolerance is fundamental in the design of protective
devices. Clinically relevant injuries were obtained by applying dynamic rear head impacts at 3.5 t0 5.5
m/s on PMHS. The injuries sustained demonstrate that rear head impact and anteroposterior shear and
flexion neck loading can lead to flexion-distraction injuries, falling under types B1 and B2 of the AO
Spine classification. A novel experimental protocol was designed and can be used to investigate the
effectiveness of protective devices in the context of direct head impact. Significant anterior vertebral
osteophytes appear to protect the specimens from injury by limiting the neck flexion, but also lead to
stress concentration at the level adjacent to the osteophytes. Clinical care of older patients who have
sustained a cervical spine injury should incorporate a close follow-up of the osteophyte state. If an
osteophyte fracture is noted, immobilization should be recommended until the fusion of the
osteophyte.
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