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Abstract: Fatal motorcycle accidents on- and off-road continue to be overlooked in the literature. Research is
scant on morbidity and mortality due to neck injury, which leaves patients and their families debilitated
chronically. Great Lakes EMS Inc. conducted a 10-year retrospective case study, which highlighted that
motocross riders who do not wear a neck brace are at an 89% higher risk of a critical cervical spine injury;
highly unstable cervical spinal fractures have a sustainably higher risk of morbidity and mortality. Proposed
mechanisms of motocross neck braces displace the forces on the neck onto the helmet of the rider to provide a
smooth distribution of forces, whereas lack of neck brace use places riders at risk for upper cervical spine
fractures such as Jefferson fractures, Hangman's fractures, and Odontoid fractures. Further, evidence suggests
the use of back protectors may increase the risk of thoracic and upper spine injuries during a motorcycle crash.
The limited data on this topic continues to be a challenge, as there is a lack of understanding of the nature of
these injuries, which are likely preventable with proper neck protection.
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1. Introduction

Motorcycle crashes in the US continue to be a prevalent burden to the medical community and
to those who are involved. In 14% of all fatal traffic collisions, a motorcycle is involved, ! and the
continued incidence of severe injuries in riders has been made clear in clinical data reports. According
to a study by Medina et al. 2020 2 that employed registered vehicle data, despite making up just 2.8%
of all vehicles, motorcycles were responsible for 20% of spinal cord injuries (SCIs) that were reported.
2 Both off-road racers and street motorcycle riders inherently have a serious risk while not wearing a
neck protection device. Great Lakes EMS Inc. 3 founded in Northern Wisconsin, oversees national
motocross events and typically encounters over 1000 riders in a single given weekend. In their non-
peer-reviewed case study, a critical cervical spine injury in motocross riders is 89% times more likely
without a neck brace shown with over 9430 total patients whom 8529 fell into the criteria of “wearing
(or not wearing) a neck brace.” 3

A five-year retrospective analysis that was conducted at a level 1 trauma hospital in Wisconsin
between January 1, 2010, and January 1, 2015, concluded that the number of vertebral fractures and
ligamentous injuries of the cervical spine sustained by motocross riders who were not wearing a
helmet or neck brace was statistically greater compared to the number of injuries sustained by riders
who were. 4+ Additionally, clinical data from the National Trauma Data Bank (NTDB) (2007-14)
showed that the causes of injury and outcomes and mechanisms were different between street and
motocross accidents. Per findings reported in the paper, street motorcycle riders had a higher
incidence of morbidity and mortality as opposed to motocross racers, and both rider demographics
consisted highly of adolescent males. Further, motocross riders are more likely to wear protective off-
roading gear, and they tend to show a much lower correlation with alcohol use while riding.*

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. Highlight from a non-peer-reviewed case study presented by Great Lakes EMS Inc® showing
the differences in those who wear a neck brace vs those who do not and suffer a critical cervical spine
injury. (Created with BioRender.com).

Neck protection devices have been limited in the preclinical data and studies with supporting
evidence that there is a significant benefit to riders wearing neck protection. Riding a motorcycle
comes with an inherent risk to riders because an uncovered neck may provide a landscape of
susceptibility in the event of a motor vehicle collision. Detailed autopsies of 73 motorcycle accident
fatalities showed high frequencies of neck injuries in both the helmeted and non-helmeted riders.
Another finding of this report was the significant presence of injury to soft tissues and
neurovasculature of the neck without any obvious external evidence of such injuries.5

Nevertheless, it is difficult not to recognize that motorcycle helmets, while essential for head
protection, may not adequately protect the specific vulnerabilities of the neck. To produce the best
protection for the neck, it is important to know the characteristics of devices that successfully protect
the head and neck.

2. Pathophysiology

The cervical spine is composed of vertebrae C1 to C7 and is further divided into two regions, the
craniocervical junction (C1, C2, and Occiput) and the sub-axial spine (C3-C7).6 The cervical spine
bears the weight of the cranium and head and grants movement to the region. The cervical spine has
great mobility as compared to the thoracic spine, allowing for flexion, extension, rotation, and lateral
flexion.®” This increased mobility increases the risk of injury to this spinal cord segment with the most
common areas of injury being the C2, C5, C6, and C7 regions.”® There multiple mechanisms of injury
related to the direction of impact and position of the head and neck at impact: compressive flexion,
vertical compression, distractive flexion, compressive extension, and lateral flexion.”# Furthermore,
the injuries can be classified as whiplash (soft-tissue injuries), neck fractures, and cervical spinal cord
injuries. 79

Whiplash injuries often happen during low-velocity rear-end collisions as the cervical spine
experiences sudden hyperextension followed by hyperflexion, or hyper-lateral flexion.”1° This
mechanism of action can lead to neck instabilities within the craniocervical junction region, including
atlantoaxial instability and occipitocervical dislocations. Atlantoaxial instability includes rotatory



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 April 2024 d0i:10.20944/preprints202404.0224.v1

instability, C1-C2 horizontal displacement and distraction injuries, and atlanto-dens instability. 10
Occipitocervical instabilities are caused by due disruption of ligaments between the occiput and C1
vertebrae.”1® Whiplash injuries are classified on a whiplash-associated disorder (WAD) 1-5 scale
based on the severity of all WAD 1 injuries including those of the often-injured anterior longitudinal
ligament and WAD 2 including dislocated or unilateral locked facets. 1°

Riders are at greater risk of suffering one of these injuries in accidents involving a
topside/highside collision or a head-leading collision. A topside collision occurs when the rider flips
over the handlebars, while a highside collision occurs when the rider is thrown opposite the turn
direction due to improper correction. Head-first collisions occur when the rider's longitudinal body
axis is aligned parallel with the collision velocity, often occurring post-ejection. 1® The common neck
fractures include Jefferson fractures, Hangman's fractures, and Odontoid fractures.”'011 Jefferson
fractures are vertebral compression fractures of the Atlas (C1) that occur during axial loading upon
impact, often resulting in shifting of the lateral masses and subsequent fractures of the posterior and
anterior arch and disruption of the transverse ligament.®!! Hangman's fractures are fractures of the
Axis (C2) that happen during hyperextension and compression of the spine resulting in a
displacement of C1 and C2.7? Odontoid fractures occur under flexion and affect the odontoid process,
or dens, of C2 that C1 pivots on. These fractures are common in low-impact injuries in the elderly
and high-impact injuries in young adults. These fractions are unstable and further categorized into 3
types: type I fractures occur on the odontoid process above the transverse ligament, type II fractures
occur at the base, and type III fractions extend laterally into C1.” Cervical spinal cord injuries are
detrimental to health and occur most often due to flexion, followed by compression, and
hyperextension.” Compression mechanisms of injury cause a high level of displacement on the
anterior spinal cord displacement, while flexion and extension mechanisms cause a posterior
displacement and stress of the spinal cord. 10

Figure 2. Animation representation of an odontoid fracture of C2 dens. (Created with
BioRender.com.) (Adapted from “Intracranial Electrodes”, by BioRender.com (2023). Retrieved from
https:/lapp.biorender.com/biorender-templates).

While motorcycle helmets reduce the risk of mortality and head injury in motorcycle riders who
crash, it is not well understood how helmets affect neck injuries.’>'> Some researchers have argued
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that motorcycle helmet use decreases rider vision and increases neck injuries due to increased weight
and torque applied to the head.™* While such arguments might seem plausible, it is important to note
that helmet use and proper fixation provide effective protection to motorcyclists” heads. From the
three major mechanisms of injury (blunt trauma, penetrating trauma, and strangulation), motor
vehicle accidents are considered blunt trauma.'® Such injuries might present as “delayed presentation
of laryngeal, vascular, digestive tract injuries” or surface any occult cervical spine injuries. Direct
damage or excessive rotation and/or hyperextension causes stretching of the arteries and veins
resulting in a shear injury of vessels. Due to ethical concerns, limited research has been conducted on
motorcycle-related trauma to the neck. However, if we assume that traumatic motorcycle incidences
closely resemble sport-related head and neck injuries due to high-impact and unpredictable routes
of force transfer, then some connections could be made between neck strength and reduced neck-
related injury. When it comes to pre-therapy in preventing neck injury, neck strengthening exercises
could be employed to increase neck stability and reduce the risk of injury during motorcycle
accidents. A study of rugby players concluded that a stronger neck may assist in reducing head and
neck injuries including concussions.!¢ Other supporting studies have concluded that “incorporating
neck exercises into injury reduction exercise programs [reduces] the incidence of sport-related head
and neck injuries. The same neck-strengthening exercises that rugby players use to “assist in reducing
head and neck injuries including concussion” could be used for motorcyclists.!”

One important consideration is that the neck flexor muscles may require an increased amount
of training because they are generally weaker than the extensors!” and play a more pivotal role in
reducing whiplash forces. Consequently, exercises that focus on the force-producing capacity of the
neck flexors and reducing strength imbalances between the flexors and extensors will be imperative
in reducing trauma-related neck injuries.!

3. Protective Gear

To no surprise, full-face helmets would result educed head and neck injuries in motorcycle
accidents when compared with partial and open helmets.'s One study found a -0.64 mean difference
between injury severity of head and neck for helmeted and non-helmeted motorcycle accidents.”
Studies show that severe hyperextension and hyperflexion are the primary mechanisms of harm for
neck injuries in motorcycle accidents.?® Preventing such movements would be of benefit for
motorcycle riders in such situations.

When comparing full-face bike and motorcycle helmets to open-face and a modified full-face
airbag helmet, it was found that full-face motorcycle helmets reduced mid-face injuries while slightly
increasing lower-face injuries. Open-face helmets offered no significant protection against facial or
brain injury, while both full-face helmets and the modified airbag helmet reduced brain injury.
Although both full-face helmets and the modified airbag helmet were effective in preventing head
injury, they may increase strain on the neck and basilar skull, increasing the risk for neck injury.?!
Additionally, the protective characteristics of a given motorcycle helmet, based on national
standards, often test a helmet’s protective capability to linear impact but neglect to test effectiveness
against oblique or angular impact. These findings also contribute to the pathology seen in a diffuse
axonal injury TBI. 2 Thus, some propose further testing is required to better prevent neck injury in
all scenarios.

A few papers have demonstrated the potential effectiveness of neck protection devices in
minimizing the severity of neck injuries in motorcycle accidents. One experimental study found an
updated SUFEHN-Model of neck brace was able to extract forces at collision from each cervical
vertebral level as well as the occipital condyle for velocities lower than 5.5 m/s (12.3 mph), but the
neck brace was insufficient for impact velocities above 6.5 m/s (14.5 mph).?* A more recent study
showed promise for a new head and neck safety device (NHNS) for motorcycle racing. The device is
composed of a helmet linked to the rider’s jacket with several cables and stop surfaces to limit the
flexion and extension of the neck. Experimental tests of the safety device were run using a Hybrid III
dummy, which showed the NHNS has the potential to reduce neck damage in some crash situations.
The effectiveness of the device stemmed from reducing the load on the rider’s neck and maintaining
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the vertebrae rotations “within physiological limits”.252 Per off-road company Alpinestar, their most
popular neck brace, the BNS Tech-2, provides “[flunctions when the rider’s helmet makes contact
with the frame at the moment of a crash, thus providing a clean, solid surface which instantly
channels damaging, compressive impact energy away from the neck and on to the BNS"; this helmet
is under Category 2 PPE - CE Certified Under EU Regulation 2016/425. > The price point for this neck
brace is roughly 329.95 USD.

B B

Figure 3. The image above depicts BNS Tech-2% and the proposed mechanism of action? via the
distribution of vector forces away from the head and neck area. (Created with BioRender.com.).

Other devices that have been tested include a SCI and brain injury test structure (SCIBITS)
consisting of a continuous head and neck shield connected to a thoracic jacket made of fiberglass.
When compared to a traditional motorcycle helmet or no helmet, both of which surpassed the
threshold for brain injury and SCI, the SCIBITS may show to be protective against SCI and partially
protective against brain injury.2¢ Additionally, a systematic literature review looked at different types
of protective jackets that are currently being used. Jackets with foam inserts were compared to their
hard-shell counterparts. Foam inserts showed little to no effectiveness while hard-shell jackets
showed the potential to prevent SCI. However, there is not enough data for a clear conclusion on this
method of protection.?? Another study looked at 124 patients who suffered back injuries from
motorcycle accidents. When comparing those wearing a back protector at the time of the accident to
those who did not, back protectors showed little to no significance in preventing thoracolumbar
injuries to the spine — it was proposed that back protectors may even deflect injury from the lumbar
region to the thoracic region.*

Table 1. Patient comparison of those with and without back protectors at the time of injury vs with
and without spinal injuries.®.

124 Total Patients Number of patients Number of Thoracolumbar
with a back injury Injuries
Number of patients with Back 29 57
Protector (53)




Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 April 2024 d0i:10.20944/preprints202404.0224.v1

Number of patients without Back 28 75

Protector (71)

4. Discussion

In the presented review, the sparse represented data on the use of wearing a protective neck
device while operating a motorcycle on or off-road does highlight the reduction in a potentially fatal
event. Interestingly, there is support that the use of back protectors may result in a poor outcome due
to the increased risk of injury to thoracic regions of the spine.®3! Moving forward, it is critical to push
for developing a cost-effective and researched-backed option for neck protection in motorcycle riders
globally. Adolescent males pose the greatest risk for cervical spine trauma* and mortality on
motorcycles where there is a continued lack of education on the importance of wearing proper neck
protection equipment. There also may be significant benefits from neck strengthening protocol for
motocross athletes and motorcycle riders to reduce the rate of morbidity and mortality following a
crash.’” A collective effort must be made to highlight the importance of proper equipment for
motorcycle riders of all types and ages.

5. Conclusions

Neck braces provide improved protection for those who ride off-road motocross, and there is a
need to improve the technology of commercial neck braces for those who ride motorcycles on the
street. Wearing a full-face helmet for on-road street riders reduces the risk of morbidity and mortality,
but there is still limited data on the use of neck braces for on-road street riders.

Author Contributions: Zackary Sabetta for conceptulaization editing and writing, Steiv Shore for writing,
Maclaine McCarter for writing, Daniel Waszczuk for wiring, Ethan Taylor for writing Zachary Taylor for
conceptulaizaitn and editing and Brandon Lucke-Wold for editing and organization.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Injury Facts/Motor Vehicle/ Road Users/ Motorcycles. National Safety Council (NSC). 2023.
https://injuryfacts.nsc.org/motor-vehicle/road-
users/motorcycles/#:~:text=Over%20the%20last%2010%20years,4%25%20from %202020%20t0%202021.

2. Medina O, Singla V, Liu C, Fukunaga D, Rolfe K. Patterns of spinal cord injury in automobiles versus
motorcycles and bicycles. Spinal Cord Ser Cases. 2020;6(1):75. doi:10.1038/s41394-020-00324-y

3.  Neck Brace Effectiveness Case Study. Great Lakes EMS Inc. (Action Sports EMS). 2023.
https://www.actionsportsems.com/ files/ugd/8696ef 07fac69b83344be8bc7cfe2dbdb71a0a.pdf

4.  Page PS, Wei Z, Brooks NP. Motorcycle helmets and cervical spine injuries: a 5-year experience at a Level
1 trauma center. ] Neurosurg Spine. 2018;28(6):607-611. doi:10.3171/2017.7.spine17540

5. Kasantikul V, Ouellet ]V, Smith TA. Head and neck injuries in fatal motorcycle collisions as determined by
detailed autopsy. Annu Proc Assoc Adv Automot Med. 2002;46:125-37.

6. Kaiser JT, Reddy V, Launico MV, Lugo-Pico JG. Anatomy, Head and Neck: Cervical Vertebrae. StatPearls.
StatPearls Publishing LLC.; 2023.

7. Torlincasi AM, Waseem M. Cervical Injury. StatPearls. StatPearls Publishing Copyright © 2023, StatPearls
Publishing LLC.; 2023.

8.  Frydenberg E, Steel T. Mechanisms of cervical spinal injury. Pathology. 2012;44:523. doi:10.1016/S0031-
3025(16)32655-1

9. LiF LiuN, LiH, et al. A review of neck injury and protection in vehicle accidents. Transportation Safety and
Environment. 2019;1(2):89-105. doi:10.1093/tse/tdz012

10. VijN, Tolson H, Kiernan H, Agusala V, Viswanath O, Urits I. Pathoanatomy, biomechanics, and treatment
of upper cervical ligamentous instability: a literature review. Orthop Rev (Pavia). 2022;14(3):37099.
d0i:10.52965/001¢.37099




Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 April 2024 d0i:10.20944/preprints202404.0224.v1

11. Fukushima M, Kaneoka K, Ono K, Sakane M, Ujihashi S, Ochiai N. Neck injury mechanisms during direct
face impact. Spine (Phila Pa 1976). 2006;31(8):903-8. doi:10.1097/01.brs.0000209257.47140.fc

12. Liu B, Ivers R, Norton R, Blows S, Lo SK. Helmets for preventing injury in motorcycle riders. Cochrane
Database Syst Rev. 2004;(2):CD004333. doi:10.1002/14651858.CD004333.pub2

13. Kim S, Ro YS, Shin SD, Song KJ, Hong K], Jeong J. Preventive effects of motorcycle helmets on intracranial
injury and mortality from severe road traffic injuries. Am ] Emerg Med. 2018;36(2):173-178.
doi:10.1016/j.ajem.2017.07.044

14. RamliR, Oxley J. Motorcycle helmet fixation status is more crucial than helmet type in providing protection
to the head. Injury. 2016;47(11):2442-2449. doi:10.1016/j.injury.2016.09.022

15. Alao T, Waseem M. Neck Trauma. StatPearls. StatPearls Publishing Copyright © 2023, StatPearls Publishing
LLC.; 2023.

16. Gillies L, McKay M, Kertanegara S, Huertas N, Nutt S, Peek K. The implementation of a neck strengthening
exercise program in elite rugby union: a team case study over one season. Phys Ther Sport. 2022;55:248-255.
doi:10.1016/j.ptsp.2022.05.003

17. Peek K. The measurement of neck strength: a guide for sports medicine clinicians. Phys Ther Sport.
2022;55:282-288. doi:10.1016/j.ptsp.2022.05.006

18. Ryba L, Cienciala J, Chaloupka R, Repko M, Vyskoc¢il R. [Injury of upper cervical spine]. Soud Lek.
2016;61(2):20-5.

19. Chaichan S, Asawalertsaeng T, Veerapongtongchai P, et al. Are full-face helmets the most effective in
preventing head and neck injury in motorcycle accidents? A. Prev Med Rep. 2020;19:101118.
doi:10.1016/j.pmedr.2020.101118

20. Urréchaga EM, Kodadek LM, Bugaev N, et al. Full-face motorcycle helmets to reduce injury and death: a
systematic review, meta-analysis, and practice management guideline from the Eastern Association for the
Surgery of Trauma. Am | Surg. 2022;224(5):1238-1246. d0i:10.1016/j.amjsurg.2022.06.018

21. Meng S, Ivarsson P, Lubbe N. Evaluation of full-face, open-face, and airbag-equipped helmets for facial
impact protection. Accid Anal Prev. 2023;191:107181. doi:10.1016/j.aap.2023.107181

22.  Goutnik M, Goeckeritz ], Sabetta Z, et al. Neurotrauma prevention review: improving helmet design and
implementation. Biomechanics (Basel). 2022;2(4):500-512. d0i:10.3390/biomechanics2040039

23. McIntosh AS, Lai A. Motorcycle helmets: head and neck dynamics in helmeted and unhelmeted oblique
impacts. Traffic Inj Prev. 2013;14(8):835-44. d0i:10.1080/15389588.2013.774083

24. Meyer F, Deck C, Willinger R. Protection from motorcycle neck-braces using FE modelling. Sports
Engineering. 2018;21(4):267-276. d0i:10.1007/s12283-018-0268-z

25. Gobbi M, Mastinu G, Previati G. Motorcycle accidents — a new head and neck safety device for riders.
International Journal of Automotive Technology. 2019;20(1):25-36. d0i:10.1007/s12239-019-0003-1

26. Engsberg JR, Standeven JW, Shurtleff TL, Tricamo JM, Landau WM. Spinal cord and brain injury
protection: testing concept for a protective device. Spinal Cord. 2009;47(8):634-639. d0i:10.1038/sc.2009.1

27. BNSTECH 2 NECK SUPPORT Alpinestarts. 2023. https://www.alpinestars.com/products/bns-tech-2-neck-
support

28. Cervical spine protection system for motorcyclists. https://newatlas.com/cervical-spine-protection-system-
for-motorcyclists/4782/.

29. Ekmejian R, Sarrami P, Naylor JM, Harris IA. A systematic review on the effectiveness of back protectors
for motorcyclists. Scand | Trauma Resusc Emerg Med. 2016;24(1):115. d0i:10.1186/s13049-016-0307-3

30. Afquir S, Melot A, Ndiaye A, Hammad E, Martin JL, Arnoux PJ. Descriptive analysis of the effect of back
protector on the prevention of vertebral and thoracolumbar injuries in serious motorcycle accident. Accid
Anal Prev. 2020;135:105331. doi:10.1016/j.aap.2019.105331

31. Hrysomallis C. Neck muscular strength, training, performance and sport injury risk: a review. Sports Med.
Aug 2016;46(8):1111-24. d0i:10.1007/s40279-016-0490-4

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or
products referred to in the content.



