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Abstract: Cervical spine injuries (CSIs) in pediatric patients with traumatic brain injury (TBI) pose
unique diagnostic and management challenges. Current studies on the intricate overlap between
pediatric TBI and CSI are limited. This paper explores the existing literature as well as the epidemiol-
ogy, mechanisms of injury, diagnostic criteria, treatment strategies, and outcomes associated with CSI
in pediatric TBI patients.
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1. Introduction

Traumatic brain injury (TBI) represents a major cause of disability worldwide. Globally,
approximately 69 million individuals experience a TBI each year [1]. TBI in pediatric
patients is a major public health concern, as TBI often results in substantial long-term
consequences for both the patient and their family [2]. Many TBIs are caused by high-
energy accidents, often leading to polytrauma injuries. Cervical spine injury (CSI) can
exacerbate the morbidity associated with TBI, further affecting long-term outcomes in
pediatric TBI patients [3].

Despite the global prevalence of pediatric TBI, there is limited information specifically
addressing TBI patients and associated cervical spine injuries [3]. Although pediatric spine
trauma is rare, given the major impact that TBI has in young populations, the association of
related spine injuries remains relevant and is crucial to study in order to develop improved
diagnostic and management strategies.

The aim of this paper is to synthesize current understanding and clinical practices
related to the management of cervical spine injuries in pediatric TBI patients. We seek to
identify studies that have analyzed the relationship between spinal injuries and TBI in
pediatric patients and summarize common findings and outcomes to guide future research
and clinical practice.

2. Epidemiology of Cervical Spine Injuries in Pediatric TBI

The incidence and type of cervical spine injuries in children vary by age, mechanism
of injury, and severity of the impact [4]. The developing pediatric spine has unfused syn-
chondroses, incomplete ossification centers, and ligamentous hypermobility, thus making
it more flexible than the adult spine [5]. The increased flexibility effect is twofold: the
developing spine can endure more movement without damage to the spinal cord; however,
the pediatric spine provides less protection in the setting of major spinal trauma [5]. In
addition, children are more susceptible to cervical injuries due to their proportionally
larger head size and under-developed neck musculature. The most unstable portion of
the developing spine is the upper cervical spine, and as spinal maturity progresses, spinal
injuries below the level of the cervical spine become increasingly common [6].

Traumatic brain injury in older pediatric patients is most often associated with motor
vehicle accidents (MVAs) and other high-force/high-impact scenarios [7,8]. However, for
younger patients suffering from TBI, abusive head trauma and non-motor vehicle crash
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injuries are more common [3]. Similarly, the etiology of cervical spine injury is often
associated with high-impact trauma and varies by age: children under the age of nine are at
higher risk of cervical spine injury secondary to falls and pedestrian—automobile accidents,
while teenagers tend to be at higher risk for cervical spine injury secondary to motor vehicle
accidents [6,9]. A retrospective study of young children (<2 years old) with non-motor
vehicle crash-associated TBI found that patients with non-accidental head trauma had the
highest rate of CSI [3].

A recent study by Bennet et al. studied hospitalized pediatric TBI patients and found
that CSI was present in 1% [4] of patients [10]. A similar rate of injury has been found in
pediatric blunt trauma cohort studies [11-13]. In cohorts including only severely injured
pediatric trauma patients, the rate of CSI is as high as 9% [14]. Cervical spine injury in
pediatric TBI patients has been shown to be associated with increased patient age, motor-
vehicle accidents, and overall injury severity [10]. In addition, pediatric patients with more
severe TBI are more likely to have CSI [3,10]. In a 2013 retrospective review of severely
injured pediatric trauma patients, patients with CSI were more likely to have TBI and to be
on a ventilator [14].

3. Mechanisms and Patterns of Injury

Cervical spine injuries, similar to TBI, in pediatric patients often result from high-
energy trauma such as motor vehicle accidents, falls from standing (especially ages 2-9),
falls from substantial heights, or sports-related impacts [11,15]. The biomechanical forces
involved—flexion, extension, rotation, and compression—can lead to a range of injury
types from simple soft tissue injuries to complex fractures and dislocations.

The four major categories of spinal injury patterns in pediatric patients include fracture
with subluxation, fracture without subluxation, subluxation without fracture, and spinal
cord injury without radiographic abnormality (SCIWORA). In the pediatric TBI cohort
studied by Bennet et al., the most common spine injury was spinal column fracture without
cord injury, whereas in the retrospective cohort of <2-year-old non-MVA TBI the most
common injury was cervical spine extra-axial hemorrhage [3,10]. The upper cervical spine
is more likely to be injured in young patients, and as the spine matures, subaxial injuries
increase in frequency [3,10].

The most common craniocervical junction injuries that result from high-impact trauma
and may be associated with TBI include atlanto-occipital dislocation (AOD), Jefferson
fracture, translational atlantoaxial subluxation, odontoid fractures, os odontoideum, and
Hangman’s fracture.

Atlanto-occipital dislocation is a high-risk, often fatal, ligamentous injury that results
from hyperextension, leading to disruption of tectorial membranes and/or alar ligaments,
causing injury to the O-C1 joint capsules. Children with AOD often present with severe
neurologic deficits [16]. The mechanism of injury typically involves pedestrians struck
by motor vehicles [17]. CT scan will reveal widening of the occipital condyle-C1 joint
interval > 4 mm [16]. Suspicion of vertebral artery dissection should also remain high if
clinically relevant symptoms are present. Treatment involves immediate immobilization
and stabilization, with occipital-cervical fusion often required once medically stable.

Jefferson fractures commonly result from falls and motor vehicle accidents, and in-
volve a four-part burst fracture of C1. They are rarely seen in young children given
incomplete ossification and presence of cartilage helping to decrease overall transmitted
force [18]. Jefferson fractures may be associated with injury of the transverse ligament
and/or associated C2 fracture. Diagnosis can be made using plain radiographs or CT;
transverse ligament integrity can be assessed utilizing the Rule of Spence (sum of overhang
of bilateral C1 lateral masses on C2 lateral masses > 7 mm) as well as MRI. Treatment
typically involves external immobilization as long as the transverse ligament remains intact,
with halo immobilization or C1-2 instrumentation and fusion if ligamentous instability
exists (Figure 1) [19].
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Figure 1. A 16-year-old male who presented with neck pain after diving into shallow water in the
ocean, hitting a sand bar. He was neurologically intact. Axial (A,B) and sagittal (C) CT imaging
reveals a four-part burst fracture of C1. Sagittal MRI STIR sequence suggests ligamentous injury (D).
He underwent posterior C1-C2 fusion with instrumentation, wiring, and allograft (E,F).

Translational atlantoaxial subluxation is a rare type of CSI in pediatric patients and
involves compression of the spinal cord between the odontoid process and the posterior
ring of C1. When secondary to a traumatic cause, these injuries often occur due to high-
energy trauma such as pedestrian—-motor vehicle accidents [4,20]. Diagnosis involves
recognition of increased atlantodental interval (ADI) on lateral X-ray or sagittal CT (>5 mm
in children < 8 years old; >3 mm in older children and adults) [21]. Treatment typically
involves posterior C1-2 instrumentation and fusion.

Odontoid fractures, although rare in pediatric patients, can occur at the dentocentral
synchondrosis, generally in younger patients (as the dentocentral synchondrosis fully fuses
between 9 and 10 years) [22]. Anterior angulation or displacement of the odontoid process
can be seen on lateral X-rays. These fractures are most often treated with external immobi-
lization [23]. Os odontoideum involves the superior portion of the odontoid process being
separate from the rest, often considered to be congenital, but increasing evidence suggests it
is associated with chronic nonunion or an odontoid fracture [23,24]. Os odontoideum may
be especially relevant in pediatric patients with a remote history of TBI, and often requires
C1-2 instrumentation and fusion to avoid further neurologic complications (Figure 2) [24].

Hangman'’s fractures result from hyperextension injuries, including whiplash from
motor vehicle accidents or collision during contact sports. Imaging will reveal varying
degrees of avulsion of the C2 neural arch and anterolisthesis of the C2 vertebral body. These
injuries can typically be managed conservatively with immobilization in a rigid collar. If
there is >3 mm displacement of C2 on C3, halo immobilization is the preferred treatment,
but surgical stabilization may be required [25].

Subaxial cervical spine injuries include ligamentous injuries, anterior column injuries,
posterior column injuries, and combined anterior and posterior column injuries. Ligamen-
tous injuries can be diagnosed using dynamic X-rays. Horizontal displacement of one
vertebral body on another in the young pediatric spine can be considered normal when up
to 4 mm; cervical vertebral subluxation of greater than 4.5 mm should raise concern for lig-
amentous instability [26]. Anterior column injuries include teardrop fractures, longitudinal
fractures, wedge compression fractures, and burst fractures (Figure 3). Posterior column
injuries involve injuries to the facets, lamina, pedicles, or spinous process. Combined
anterior and posterior column injuries, involving both ligamentous and osseous injury, are
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less common in the pediatric population, but when present are highly unstable and often
secondary to a high-energy mechanism [27].

e
O -

Figure 2. A 16-year-old boxer who presented after developing transient paraplegia while boxing. CT

>

imaging revealed os odontoideum (A,B) with hypermobility on flexion and extension cervical X-rays
(C,D). He underwent posterior C1-2 fusion with instrumentation, wiring, and allograft (E,F).

Figure 3. A 14-year-old male who presented after hitting a tree while snowboarding. On presentation
he complained of transient weakness and persistent neck pain. He was found to have a C5 teardrop
fracture on sagittal and AP cervical spine X-rays (A,B). There was interspinous ligament injury
noted on the sagittal MRI STIR sequence (C). CT axial imaging again demonstrated the anterior
column fracture (D). He underwent C5 corpectomy with anterior C4-6 instrumentation and allograft
interbody strut (E,F).
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4. Diagnostic Challenges

Diagnosing CSI in the context of pediatric TBI involves multiple modalities, from phys-
ical examination to advanced imaging techniques. The nuances of interpreting radiological
findings in children, who may have normal anatomical variants that appear pathological,
add complexity to the diagnostic process [5].

Children with mild TBI and low suspicion for CSI may qualify for physical exam
alone in evaluating for cervical spine injury [28]. The National Emergency X-Radiography
Utilization Study (NEXUS) criteria are now validated in pediatric populations and can
help determine the risk of possible CSI and need for further imaging; if the patient does
not have midline cervical tenderness, evidence of intoxication, altered mental status, focal
neurologic deficit, or painful distracting injury, they are considered low-risk and can avoid
further imaging if there is a benign clinical exam. A retrospective study of pediatric TBI
patients” workup in the emergency department revealed that the proportion of pediatric
TBI patients receiving no cervical spine imaging, and having obtained “clinical clearance”,
has increased in recent years, likely secondary to initiatives such as the NEXUS criteria [10].
Even the youngest noncommunicative patients aged 0-3 years have been shown to be able
to be “clinically cleared” with a benign clinical examination and normal plain X-rays [29].

On the contrary, a pediatric patient that has suffered from a severe TBI may not be
able to participate in a neurologic exam or convey neck pain [28]. In these cases, it is critical
to obtain imaging to rule out cervical injury, which can be missed with distracting injuries
such as a severe TBI. A retrospective study of the Pennsylvania Trauma Outcomes Study
database focused on TBI in patients with Glasgow Coma Scale (GCS) < 8; the analysis did
not find any clear rule to safely dismiss advanced imaging workup in comatose patients [30].
Even though the rate of CSI in pediatric patients remains low, in patients with low GCS,
stabilization in a cervical collar until imaging is obtained is critical [31]. The Pediatric
Cervical Spine Clearance Working Group published a study in 2019 that applied the Delphi
method with the aim of establishing a consensus on cervical spine clearance in pediatric
patients who had experienced blunt trauma [28]. This multidisciplinary team, consisting
of pediatric orthopedic surgeons, pediatric neurosurgeons, pediatric emergency medicine
physicians, and radiologists established an algorithm based on GCS score to help establish
a clear consensus on pediatric cervical spine clearance in blunt trauma patients. The
algorithm and consensus conclude that patients with GCS 14-15 that answer “no” when
asked about neck pain, difficulty with neck movement, or history of focal neurologic
deficit, as well the absence of abnormal head position, midline neck tenderness, limited
range of motion, inability to focus due to distracting injuries, or visible substantial injuries
to other areas of the body on exam, history and exam for clearance will suffice [28]. In
patients who answer “yes” to having neck pain, difficulty with neck movement, or history
of focal neurologic deficit, or have any of the above concerning findings on exam, the
recommendation is to obtain plain radiographs. If the radiograph is normal, a cervical
collar can be obtained once physical exam findings are normal. However, if the radiograph
is abnormal, or if the mechanism of injury involved a high-risk mechanism, then the
recommendation is to maintain the cervical collar and obtain a formal spine consult. For
patients with GCS 9-13, it is recommended that plain radiographs would suffice if the
patient was expected to return to GCS 14-15. However, if not expected to return to baseline
neurologic exam, or if GCS < 8, then CT of the cervical spine is recommended [28].

In recent years, the utilization of CT imaging for “clearance” of the cervical collar has
been on the rise in both adults and children [10]. The exposure to radiation during CT is a
significant factor to consider when deciding whether to pursue CT imaging in pediatric TBI
patients. Pediatric patients are at higher risk for radiation given their longer life expectancy
and increased radiosensitivity [10]. In recent years, the utilization of MR imaging has also
increased [10]. The benefit of MR imaging is the sparing of ionizing radiation, as well as the
ability to reveal ligamentous injury or spinal cord injury in patients who are altered from a
TBI. The obvious disadvantage, however, is the expense and time needed to complete the
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study, often requiring sedation for young patients. The utilization of X-rays of the cervical
spine has been found to be decreasing over recent years [10].

There is significant variation across hospitals regarding initial workup for cervical
injury in pediatric TBI patients, and a retrospective cohort study revealed that particularly
the use of CT imaging varies significantly between hospitals [10]. Children receiving care at
level 1 trauma centers received cervical spine imaging less often, perhaps due to established
hospital-wide policies encouraging clinical clearance and utilization of the NEXUS criteria
when appropriate [10].

5. Management Strategies

The management of CSI in pediatric TBI patients is multifaceted, most often involving
conservative management, but in the setting of ligamentous instability, unstable fractures,
or neurologic injury, acute decompression and surgical stabilization may be necessary.
Treatment decisions are guided by the type and severity of the injury [4]. In the setting of
severe TBI, the risks and benefits of cervical stabilization need to be fully evaluated and the
surgical team may need to delay surgical intervention until the patient is deemed stable
for surgery. Previous studies have revealed that pediatric patients undergoing extracranial
surgery, such as spine surgery, within 72 h of presenting with moderate to severe TBI are at
higher risk of intraoperative secondary insults [32]. These secondary insults were found to
be common and associated with intraoperative cerebral hypotension and hypoxia [32]. In
cases of moderate to severe TBI, special considerations to avoid secondary intraoperative
insult as well as monitoring intracranial pressure should be considered.

6. Prognosis and Outcomes

Recovery from cervical spine injuries in children with TBI can vary widely, from
complete recovery to permanent impairment. Factors influencing outcomes include the
initial severity of the injury, the presence of associated injuries, and the timeliness and
appropriateness of the treatment received. Mortality has been shown to be increased in TBI
patients with concurrent CSI [10].

In addition, the timeliness of ruling out CSI has also been shown to be important to
avoid cervical collar-related pressure injuries in pediatric patients. A retrospective review of
severely injured pediatric trauma patients found that 10% of patients experienced cervical
collar complications such as pressure injuries [14]. Cervical collar complications were more
common in patients with lower GCS and longer length of stay and length of time that
elapsed prior to cervical collar clearance [14].

7. Discussion

The inter-relationship between TBI and CSI in pediatric patients presents complex chal-
lenges for diagnosis and management. The high global incidence of TBI among children, in
addition to the variable and potentially severe nature of associated cervical spine injuries,
underscores the need for guidelines for pediatric CSI workup and management. As indi-
cated by the studies reviewed, pediatric patients have unique anatomical and physiological
factors that alter the common injury patterns typically seen in adults.

Despite advancements in imaging techniques and diagnostic criteria, including the
establishment of the NEXUS criteria and the validation in pediatric populations, significant
challenges remain in the diagnosis of CSI in pediatric TBI patients. The balance between
adequate, timely diagnosis and reducing unnecessary radiation exposure is a concern
particularly relevant to the pediatric population. This is compounded by the need for
sedation and the overall time needed for MR imaging, a factor that is especially relevant in
patients with severe TBI or other polytrauma causing clinical instability.

Management strategies, although often involving conservative measures, are also com-
plicated in the TBI patient population. The decision-making process regarding the timing
and urgency of surgical stabilization, when indicated, is complicated by the neurologic
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injury and the risks of undergoing surgery while also needing to maintain measures to
closely monitor intracranial pressure and neurologic decline.

8. Conclusions

This review highlights the intricate link between pediatric TBI and CSI, demonstrating
that despite considerable research in pediatric TBI globally as well as cervical spine injury
patterns in pediatric patients, gaps in the literature persist when looking specifically at
the association between pediatric TBI and CSI. Pediatric patients with CSI and concurrent
TBI have unique clinical factors that need to be considered when planning diagnostic
workup and management of CSI. Future efforts focusing on the standardization of CSI
workup in TBI patients and the utilization of existing criteria such as the NEXUS criteria
and establishing cervical spine clearance protocols might enable less variation in workup
between different patient care settings, decreased radiation exposure, and improvement in
timely diagnosis. Efforts to standardize treatment protocols across healthcare facilities could
potentially improve outcomes by ensuring that all patients receive evidence-based care.

Ultimately, enhancing our understanding of the epidemiology, mechanisms, and
outcomes of CSI in pediatric TBI patients will require ongoing multidisciplinary research.
These future research efforts will both improve immediate clinical care as well as allow for
improved preventive measures and public health policies aimed at reducing the incidence
and severity of these injuries among children worldwide.
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