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a b s t r a c t

Pediatric and adult spinal cord injuries (SCI) are distinct entities. Children and adolescents with SCI must
suffer from lifelong disabilities, which is a heavy burden on patients, their families and the society. There
are differences in Chinese and foreign literature reports on the incidence, injury mechanism and prog-
nosis of SCI in children and adolescents. In addition to traumatic injuries such as car accidents and falls,
the proportion of sports injuries is increasing. The most common sports injury is the backbend during
dance practice. Compared with adults, children and adolescents are considered to have a greater po-
tential for neurological improvement. The pathogenesis and treatment of pediatric SCI remains unclear.
The mainstream view is that the mechanism of nerve damage in pediatric SCI include flexion, hyper-
extension, longitudinal distraction and ischemia. We also discuss the advantages and disadvantages of
drugs such as methylprednisolone in the treatment of pediatric SCI and the indications and timing of
surgery. In addition, the complications of pediatric SCI are also worthy of attention. New imaging
techniques such as diffusion tensor imaging and diffusion tensor tractography may be used for diagnosis
and assessment of prognosis. This article reviews the epidemiology, pathogenesis, imaging, clinical
characteristics, treatment and complications of SCI in children and adolescents. Although current
treatment cannot completely restore neurological function, patient quality of life can be enhanced.
Continued developments and advances in the research of SCI may eventually provide a cure for children
and adolescents with this kind of injury.

© 2022 Chinese Medical Association. Production and hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Spinal cord injury (SCI) is a disabling and irreversible condition.
SCI in children and adolescents is rare and should be treated
differently due to differences in anatomy compared to adults.1 The
patterns of SCI also differ among adult, children and adolescents.
Unfortunately, the treatment of SCI does not fully restore neuro-
logical function.

Regardless of patient age, SCI is divided into two stages: primary
and secondary.2 The initial mechanism is considered primary
lesion, and the following biochemical and cellular processes is
considered secondary lesion. Traction and compression forces from
the initial mechanical trauma can cause vertebral fractures and
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dislocations. The resulting bone fragments and disrupted inter-
vertebral discs and ligaments can then compress the spinal cord
and nerve roots, causing damages to the central and peripheral
nervous system, e.g. injuring blood vessels, and disrupting axons
and broken neuron cell membranes. Spinal cord hemorrhage, ne-
crosis and edema occur in the first hours following trauma.3 Within
minutes of injury, the spinal cord swells to fill the spinal canal in the
injured segment. Spinal cord ischemia occurs when spinal cord
swelling exceeds venous blood pressure, triggering a chain of
biochemical reactions that lead to cell death. In addition, injury-
induced neural membrane disruption produces toxic chemicals
and causes electrolyte disturbances, leading to secondary injury
cascades that exacerbate the initial injury by injuring or killing
adjacent cells. Glutamate released from injured spinal neurons and
astrocytes causes excitotoxicity,4 which leads to secondary injury
through calcium ion overload and free radical production. Current
treatments mainly target at these primary and secondary injuries.
This review aims to provide clinical guidance for the diagnosis and
treatment of children and adolescents with SCI.
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Epidemiology

The incidence of SCI in children and adolescents is generally low,
but varies by country and geographic region, ranging from 2.9 to 27
per million in European countries.5,6 In the United States, 3%e5% of
SCIs occur in individuals under the age of 15, and approximately
20% occurs under the age of 20.7

In general, the incidence of SCI is roughly equal in male and
female aged 5 years and younger, but in older age groups, SCI is
more common in male.7 This may be related to risky behavior in
male children and adolescents. However, a survey conducted in
Beijing revealed that 71% of pediatric SCI patients are female and
the main cause of injury was performing backbends during dance
practice.8

Overall, the most common site of SCI in children is the cervical
spine (87.19%), followed by the thoracic spine (9.61%) and lumbar
spine (1.48%).9 Sports are the most common cause of injury
(39.83%), followed by falls (24.18%) and motor vehicle-related in-
juries (23.18%). In contrast, thoracic injuries are most common in
Chinese children and adolescents (77%), followed by cervical (10%),
multiple levels (5%) and lumbar (4%).8 And in China, the main
causes of injury are sports (41%), falls (27%), traffic accidents (10%)
and violence (8%).8 Most sports-associated injuries are caused by
performing backbends during dance practice.8
Injury mechanism

Approximately 55% e 65% of children and adolescents experi-
encing SCI have no evidence of spinal fracture or instability on plain
radiography or CT,4 which is called spinal cord injury without
radiographic abnormality (SCIWORA) and first described by Pang
et al., in 1982.1 SCIWORA is common in children and adolescents,
accounting for 74.1% of all pediatric SCIs.8 The incidence of SCI-
WORA decreases with age in children and seldom occurs in
adulthood. Pang et al.1 considered that flexion, hyperextension,
longitudinal distraction and ischemia were the mechanisms of
neural damage in SCIWORA. With the advent of MRI, diagnosis of
SCIWORA based on X-ray or CT appears to be obsolete. MRI can
show the significant injury of spinal cord, spinal soft tissue com-
ponents (ligament, dural sac or muscle) or vertebral endplate.
Freigang et al.10 considered that “real SCIWORA” should be rede-
fined as the absence of any spinal abnormality.

The spine in children is more elastic than adults. The facet joints
in children are shallow and horizontal, allowing a certain degree of
sliding, and the ligaments and joint capsules are more flexible.
However, the neckmuscles of children areweak, the vertebral body
is anterior wedge-shaped, and the spinous process, transverse
process and uncinate process are less developed. The intervertebral
disc is composed of nucleus pulposus and annulus fibrosus, and the
nucleus pulposus is rich in water content, which allows longitudi-
nal expansion when the spine is pulled. Because of this, SCIWORA
often occurs in children and adolescents due to the high flexibility
of the spine. Still, even though the spine of an infant can stretch by
5 cm, the infant spinal cord ruptures after only 5 e 6 mm of
traction.4

Before the age of 8, the head is larger and heavier than the rest of
the body. When the head moves, the fulcrum of movement is in the
upper cervical spine and the maximum movement is at the C2/3
segment. With age, the weight and size of the head decreases
relative to the rest of the body and the fulcrummoves down to C5/6
segment, which continues into adulthood. This explains the high
incidence of upper cervical spine injury in younger children, while
older children and adults usually experience subaxial cervical spine
injury.11,12 Temporary dislocation occurs when the child's spine
9

overstretched and flexed, and then recovers naturally due to spinal
elasticity; however, SCI can still occur.

SCIWORA is less common in the thoracic spine injury. Most
thoracic SCIs are caused by car accidents that involves a direct
collision and belt-related injury.13 However, thoracic SCIs caused by
performing backbends during dance practice is frequently reported
in China. Ren et al.14 hypothesized that the mechanism of primary
SCI in these patients is longitudinal distraction of the thoracic
spine, which results in spinal cord distraction and injury to nerve
cells, axons and small vessels. In China, dance learning is very
common among girls, which explains the higher incidence of SCI
among Chinese girls. Surfer myelopathy is another SCIWORA syn-
drome that can occur in novice surfers and is caused by repeated
hyperextension of the spine, similar to backbends. The injury
mechanism is not well-known. Previous studies show that it may
be related to arterial insufficiency, spinal cord infarction, avulsion
of perforation vessels, fibrocartilaginous embolization.15e18 In 2021,
Wang et al.19 reviewed 31 children diagnosed with surfer
myelopathy and concluded that it is caused by spinal venous
hypertension.

Clinical characteristics and imaging

Children and adolescents with SCI often have delayed neuro-
logical dysfunction. Among children and adolescents with SCI-
WORA, 22% e 54% of cases experienced symptoms between 30 min
and 4 days after injury.1,20 Common symptoms include transient
clumsiness, paresthesias, total paralysis and lower back or leg pain.
Younger patients may have difficulty in expressing symptoms of
nerve injury and cooperating with the sensorimotor examination,
and some children may even ignore transient paresthesias after
injury. Thus diagnosis in the early stage of this injury may be
difficult.

After SCI, the spinal cord should be evaluated, and its neuro-
logical status is typically assessed using the International Standards
for Neurological Classification of SCI (ISNCSCI). Although the
ISNCSCI assessment validated for adult SCI patients may not be
accurate in young children, imaging assessment should be
performed.

MRI is themost efficient way to assess the spinal cord as the gold
standard for diagnosis of SCI.21 Acute SCI manifests as single level
edema, hematoma, multilevel edema and a mix of hemorrhage and
edema. T1-weighted imaging provides data regarding cord
morphology and anatomy, which should be conducted first. T2-
weighted imaging is the best method for identifying hemorrhage
because of low T2 signal intensity due to deoxyhemoglobin in acute
hematoma. Subacute hematoma appears hyperintense on both T1-
and T2-weighted imaging because of conversion of deoxy-
hemoglobin to methemoglobin. Later, chronic hematoma shows
hypointense on T2-weighted imaging because of hemosiderin-
laden macrophages. Spinal cord edema shows hyperintense T2
signal against a background of normal nervous tissue.22 MRI can
indicate patient prognosis: patients with spinal cord hemorrhage
always have a poor outcome, and patients with single level edema
always have a better outcome.23

Diffusion-weighted MRI (DWI) can assess white matter tract
integrity within the spinal cord. Shen et al.24 performed MRI with
DWI on 5 children with thoracic SCIWORA, in which 4 children
exhibited abnormal T1 or T2 signal in the spinal cord. Even the
patient with a normal spinal cord on T1- and T2-weighted imaging
exhibited abnormal signal on DWI. DWI is likely to offer important
data in SCI patients. In diffusion tensor imaging, the diffusion of
water molecules is quantified in directions parallel and transverse
to the plane of neuronal axons. This technique can examine and
separate thewhite matter of the spinal cord from the graymatter to
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evaluate structural damage. Mulcahey et al.25 found that diffusion
tensor imaging values have a better association with ISNCSCI ex-
amination than conventional MRI. Diffusion tensor tractography
(DTT) can measure the volume of spinal white matter fibers. Zhu
et al.26 performed DTT on 20 adults with thoracolumbar complete
SCI and found that the number of patients with improved American
Spinal Injury Association (ASIA) grade had correlation with the
measurement of DTT. Similarly, Zhu et al.27 performed DTT on 24
patients with acute cervical SCI, and the results showed that the
prognosis of complete SCI was related to the partial preservation of
spinal white matter fibers, which can predict neurological out-
comes. DTT has the potential to improve the diagnosis and prog-
nostic evaluation of SCI.

Treatment

Treatment of SCI in children and adolescents is controversial.
Current standard treatment includes conservative treatment and
surgery. Conservative treatment mainly includes medications and
spinal immobilization (cervical collar or brace). However, neither
conservative nor surgical treatment can result in full recovery of
neurological function. Cell therapy is a new strategy currently being
studied and developed.

Medication

Medical therapy plays a considerable role in SCI treatment.
Clinical trials have shown that it is effective in treating secondary
injuries. Steroids and GM-1 ganglioside are currently approved for
use in humans.3 Methylprednisolone (MP) is themost common drug
used in SCI and is the only drug that has been tested in controlled
multicenter trials. However, the use of MP in children and adoles-
cents is controversial, especially the dose. In 1990, Bracken et al.28

first reported the efficacy of MP in treating SCI in the National
Acute Spinal Cord Injury Study II (NASCIS II). In this study, MP was
administered orally at 30 mg/Kg followed by an hourly infusion of
5.4 mg/Kg over 23 h. Although this therapy has been widely used in
children and adolescents with SCI, the youngest person enrolled in
NASCIS II was 13 years old. In 2013, the Congress of Neurological
Surgeons updated their guidelines to recommendation against the
use of MP. However, in 2017, AO spine updated guidelines to support
the use of 24 h high-dose MP within 8 h after SCI.29 Several recent
studies explored the effectiveness of MP in SCI. Liu et al.30 conducted
ameta-analysis of 16 studies of high-doseMP in the treatment of SCI,
and the results showed that high-dose MP was not associated with
improved outcomes. Similarly, Sultan et al.31 reviewed 12 studies,
including 5 randomized controlled trials and 7 observational studies
and reported that MP was not associated with improvement in
motor or neurological scores.

Another controversy involves MP complications. Complications
of high-dose steroids in adult with SCI have beenwell documented.
Several relevant retrospective studies have been conducted in
children and adolescents. In 2011, Arora et al.32 reported a case
series of 15 children with SCI aged 8e16 years who were treated
with MP according to NASCIS II. High-dose steroids did not lead to
any serious infections. In a retrospective case-control study con-
ducted in 2015 on pediatric SCI patients, Cage et al.33 found no
notable difference in gastrointestinal or wound complications be-
tween the high-dose steroid group and control group. In fact, the
rate of infection was higher in the control group. Caruso et al.34

examined 36 patients with SCI below 17 years old and found that
thosewho received steroids had a higher rate of complications than
thosewho did not. Although current views differ on the use of high-
dose steroids in children and adolescents with SCI, steroids remain
the first choice.32
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Gangliosides are sialic acid derivatives of endogenous glyco-
lipids present in neuron cell membranes.35 In vitro, they increase
the formation and growth of neurites, induce neuronal regenera-
tion, and promote neuroplasticity.3 The use of GM-1 ganglioside to
treat SCI in children and adolescents has not been reported. In a
randomized study of adult SCI patients, GM-1 ganglioside treat-
ment was associated with better improvement in pain and touch
sensitivity compared to placebo. However, there was no significant
difference in the degree of improvement in motor function be-
tween the treatment and placebo groups.35 A randomized
controlled trial of 760 patients with SCI showed that although GM-
1 ganglioside promoted neurological recovery and improved
bladder and rectal function, the differences compared with the
control group were not significant.36 GM-1 ganglioside trials have
not been conducted in pediatric SCI patients.

Surgery

Like adults, children and adolescents with SCI and spinal fracture
or dislocation should undergo surgery. According to the 2021 clinical
guidelines, surgical indications for SCI is determined by the Sub-
Axial Injury Classification and Severity Scale and Thoracolumbar
Injury Classification and Severity score.37 Surgical treatment is rec-
ommended when the score is � 5. At a score of 4, surgery and
conservative treatment are available. Spinal cord decompression
with fusion is the most common surgical procedure. Spinal cord
decompression improves the microenvironment of the spinal cord
and promotes recovery of neurological function.38 Depending on the
severity of injury, the decompression method is different.37 Anterior
or posterior local decompression is used for the local edemawhich is
result from the presence of spinal cord compression. Extensive
laminectomy plus durotomy is feasibly performed for decompres-
sion of extensive spinal cord edema.Myelotomy can be considered in
the presence of spinal cord hematoma or necrotic foci. In those pa-
tients with spinal instability, fusion may prevent recurrent SCI.
However, the treatment of “real SCIWORA” is conservatively.10 Sur-
gical options for the other SCIWORA include halo and internal fixa-
tion.39,40 Many reports suggest that conservative treatment can also
achieve good results, however, most of which are case
reports.23,41e55 Seventeen articles reporting treatment of SCIWORA
in children and adolescents are summarized in Table 1. Zhu et al.56

studied adult patients with SCIWORA who underwent early (<
72 h) posterior laminectomy and durotomy with duroplasty
decompression, and found that durotomy helps to thoroughly
decompress the spinal cord and improve cerebrospinal fluid circu-
lation. Although the safety and efficacy of this procedure in children
and adolescents have not been proven, it may be an option.

In studies of adult with SCI, timing of surgery is associated with
neurological prognosis.57 Fehlings et al.58 found that performance of
decompression was safe within 24 h after injury, which was asso-
ciated with improved neurologic outcome at 6 months follow-up.
However, does the earlier the surgery, the better the prognosis?
Biglari et al.59 reported that decompression within the first 4 h after
injury was not associated with better neurological outcome than
decompression between 4 h and 24 h. Furlan et al.60 recommend
surgical intervention within 8 e 24 h when surgery is indicated, as
early decompression may improve neurological function, reduce
cost of care and lead to earlier engagement in rehabilitation
exercises.

Cell therapy

Cell-based regenerative therapy has shown promise in treating
SCI. Schwann cells, neural stem or progenitor cells, olfactory
ensheathing cells, oligodendrocyte precursor cells and



Table 1
Treatment and outcome of SCIWORA in children and adolescents.

Study (year) n Male Mean age
(year)

Surgery Conservative treatment Outcome

Brauge et al.41

(2019)
30 - 9.78 Glucocorticoid The rate of at least partial neurologic recovery was 20/30.

Campbell et al.23

(2018)
1 0 2 External immobilization At the 3-month follow-up she was paraplegia.

Bansal et al.42

(2016)
1 0 0.6 Glucocorticoid and cervical

collar
The patient restored strength in upper and lower limbs.

Kim et al.43

(2016)
1 0 1 Cervical collar At the 12-month follow-up, cervical MRI was normal and neurological recovery

was achieved at 24-month follow-up.
Mahajan et al.39

(2013)
69 54 8.9 Halo and

Internal fixation
Glucocorticoid, Cervical
collar, Brace

There are 10 children with persistent deficits.

Trigylidas
et al.44 (2010)

3 2 2.5 Two patients suffered permanent disabilities and 1 had a transient deficit.

Grubenhoff
et al.45 (2008)

1 1 7 Glucocorticoid The left hand recovered some flexion and extension functions.

Lee et al.46

(2006)
1 1 1.16 Methylprednisolone All neurological functions recovered completely.

Buldini et al.47

(2005)
2 1 1.4 Methylprednisolone At the 1-year follow-up, he was able to walk without support, but cannot raise the

left arm.
Wang et al.48

(2004)
6 - 7.7 Methylprednisolone,

Philadelphia collar
Neurological function improved in all 6 cases, and neurological function was
completely recovered in 3 cases.

Carreon et al.49

(2004)
5 - 5.4 Glucocorticoid Four cases had complete cord injuries. A 17-year-old girl who presented with a

central cord lesion that resolved.
Ergun et al.50

(2003)
1 0 12 Glucocorticoid During a 2-year follow-up, the low extremity force was slightly lower than normal.

Yamaguchi
et al.51 (2002)

1 0 14 Glucocorticoid and
Hyperbaric oxygen therapy

The patient was able to walk independently, and sensory disturbances were almost
normal.

Brown et al.40

(2001)
39 28 10.8 Halo Cervical collar and Brace Of them, 21 patients presented with short-lived paresthesias or motor weakness,

and 8 with more severe and neurologic deficits.
Beck et al.52

(2000)
1 0 16 Methylprednisolone Patient recovered completely without any continuing neurological or motor

deficits.
Pollina et al.53

(1999)
1 1 3 Methylprednisolone,

Guilford and TLSO orthosis
Patient regained the tricep and hand function to near baseline, but remained
paraplegic.

Bondurant
et al.54 (1993)

1 1 2.25 Cervical collar Motor function continued to improve and fecal continence was regained.

SCIWORA: spinal cord injury without radiographic abnormality, TLSO: thoracolumbosacral orthosis.
-: not mentioned.
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mesenchymal stem cells have all been studied. Postulated mecha-
nisms of action include neuroprotection, immunomodulation, axon
regeneration, neuronal relay generation andmyelin reproduction.61

Several recent clinical trials of cell therapy for both adults and
children have shown benefit. Kakabadze et al.62 performed intra-
thecal injection of bone marrow mesenchymal stem cells in 18
patients with thoracolumbar SCI and 9 of them showed neurolog-
ical improvement. Saberi et al.63 studied 33 patients with cervical
and thoracic SCI who underwent intramedullary Schwann cell
transplantation, and found partial restoration of sensorimotor
function with no adverse effects. Lima et al.64 transplanted autol-
ogous olfactory sheath cells in 7 patients suffering from complete
SCI and found that all of them showed neurological improvement.

Few cell transplantation trials for SCI in children and adoles-
cents have been conducted. In a study of Jarocha et al.,65 5 children
with chronic complete SCI underwent a total of 19 autologous bone
marrow nucleated cell transplants, and only one was associated
with an adverse event (transient bradycardia). Their results showed
that children with chronic complete SCI who receive multiple
transplants can experience improvement in neurological function
and quality of life.

Despite the promise, cell therapy still faces challenges, such as
ethical concerns regarding the source of transplanted cells and the
correct direction of axonal regeneration. Furthermore, long-term
safety and efficacy of the therapy have yet to be determined. Chil-
dren and adolescents with SCI are a special patient group. With the
progress of related research, more experimental results will be
applied to the clinic, providing hope for the future.
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Complications

Complications of SCI in children and adolescents are essentially
the same as those in adults. However, continuing growth and
development of children and adolescents and their unique anatomy
may result in problems such as scoliosis, hip dislocation and hy-
percalcemia. Especially for very young patients, they have difficulty
expressing their symptoms, which can lead to a hard diagnosis of
complications such as autonomic dysreflexia.

Spinal deformity

Spinal deformity is common in children with SCI, especially
thosewith skeletal hypoplasia. Scoliosis develops in 97% of children
with SCI before growth spurt.66 Patient age below 14.6 years at the
time of SCI is a predictor of scoliosis.67 Therefore, injured children
before growth spurt should be closely monitored due to the high
risk of scoliosis and curve progression. If bracing fails, deformity
should be treated with surgical correction. In general, Cobb angle
> 40� in a patient over the age of 10 years is an indication for
corrective surgery.

Hip dislocation

Hip dislocation is also a common complication of SCI in children.
McCarthy et al.68 reported that hip subluxation or dislocation oc-
curs in > 90% of childrenwith SCI under 10 years of the age, and the
incidence declined significantly thereafter. They speculate that it
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may be related to the severity of injury. In their study, most patients
(� 10 years old) had thoracic injuries, while older patients had
mostly cervical injuries. However, they found no evidence of as-
sociation between severity of injury and hip subluxation or dislo-
cation. Hip dislocation may interfere the use of a standing frame.
Therefore, close surveillance of the hip joint is necessary, as surgical
intervention is usually required eventually.69

Hypercalcemia

Hypercalcemia occurs in 10% e 23% of SCI patients, with ado-
lescents and young adult males most affected.7 Spinal immobili-
zation after SCI is thought to promote bone resorption, which can
lead to hypercalcemia. Pediatric SCI patients are susceptible to
hypercalcemia because of an increase of bone turnover and meta-
bolically active bonemass in growing children and adolescents. The
classic symptoms of hypercalcemia include pain, nausea, vomiting,
malaise, lethargy, polyuria, polydipsia, dehydration and behavioral
changes. Hypercalcemia sometimes manifesting as an acute
abdomen, can lead to unnecessary surgery and is usually treated by
aggressive hydration with furosemide diuresis and
bisphosphonates.69

Autonomic dysreflexia

Schottler et al.70 reported that approximately 51% of children
with SCI at T6 or higher lesions develop autonomic dysreflexia. The
pathophysiology, symptoms, and diagnostic criteria of autonomic
dysreflexia are the same in children and adults. As with adults,
children and adolescents with SCI have lower baseline blood
pressure. Therefore, it is important to measure blood pressure on a
regular basis. When the usual baseline is exceeded by > 20 mmHg,
autonomic dysreflexia should be diagnosed.71 As mentioned pre-
viously, younger children may not be able to articulate their
symptoms. Therefore, autonomic dysreflexia should be suspected
in such patients if they are unusually sleepy, irritable or crying.72

Treatment for autonomic dysreflexia involves removing the po-
tential irritants, e.g. the bowel and bladder should be emptied, and
the tight clothing or accessories should be removed. Nifedipine can
be considered if conservative treatment is not effective. Recurrent
autonomic dysreflexia can be treated with oral prazosin or
terazosin.

Conclusion

Pediatric and adult SCI differ in terms of pathogenesis, clinical
characteristics and treatment. Treatment of SCI in children and
adolescents remains controversial. Although current treatment
cannot completely restore neurological function, patient quality of
life can be enhanced. Continued developments and advances in the
research of SCI may eventually provide a cure for children and
adolescents with this kind of injury.
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