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Objective: Spine trauma management in children varies from one team to another, and to date, no clear consensus has been reached. The goal of this study was to describe the epidemiology of spine trauma in children and to evaluate the timing and techniques of surgery when it was required.

M&M:

A retrospective review of all patients admitted to our pediatric trauma center for spine traumas that required surgical management, between 2005 and 2016, was performed. All patients were followed with clinical and radiological examination to evaluate the quality of fusion and realignment.

Results: Seventy-three children, with a mean age of 14.1 years, were admitted. Spinal injuries were more common in the teenager's group (14 -18 years). The predominant etiology of spine injuries was motor vehicle collision (MVC, 36%). The spinal level of injury varied according to the age group: young children presented more cervical traumas (p < 0.01), while teenagers presented more lumbar traumas. There were more fractures alone in the teenagers' group (p < 0.005), while there were more luxations alone in the school age group (p < 0.05).

Median timing for surgical intervention in patients with neurological deficits was one day.

Patients with posterior wall recession > 5 mm underwent surgical management quicker than patients with no posterior wall recession (p < 0.03). At follow-up, out of the 37 patients with initial neurologic deficits, 14 had improved (38%).

Conclusion:

Disco-ligaments maturation is an essential concept in spine traumas in children, and also in the surgical management. Surgical procedure should be carried out as soon as possible when patients present with neurological deficits. At the thoracolumbar junction, a two-level up and down fixation is recommended.

Introduction

Spine and spinal cord traumas are less common in the pediatric population than in adults. [START_REF] Basu | Spinal Injuries in Children[END_REF][START_REF] Parent | Spinal cord injury in the pediatric population: a systematic review of the literature[END_REF] However, the consequences of spinal injuries in children are generally more severe as these lesions affect the growing spine. [START_REF] Saul | Epidemiology of vertebral fractures in pediatric and adolescent patients[END_REF] Consequently, if lesions are not adequately treated, they can lead to irreversible vertebral deformities and sagittal imbalance.

Epidemiology of spine injuries is scarce in the literature and most, if not all papers, focus on non-surgical patients. [START_REF] Leucht | Epidemiology of traumatic spine fractures[END_REF][START_REF] Sayama | A review of pediatric lumbar spine trauma[END_REF][START_REF] Wang | Epidemiology of traumatic spinal fractures: experience from medical university-affiliated hospitals in Chongqing, China, 2001-2010[END_REF] Hence, in the pediatric population, no clear data on the epidemiology or fate of patients having undergone a surgical procedure due to spine trauma is available.

Available studies dealing with surgical cohorts, do not provide data concerning imaging exploration, timing of the surgical intervention or postoperative recoveries. [START_REF] Erfani | Results of fusion and instrumentation of thoracic and lumbar vertebral fractures in children: a prospective tenyear study[END_REF][START_REF] Mortazavi | Pediatric multilevel spine injuries: an institutional experience[END_REF][START_REF] Suttor | Operative treatment of chance injuries in the paediatric population[END_REF] Moreover, management of these patients varies from one team to another, and no clear consensus concerning management of spine traumas in children is currently available.

Twelve years of experience in surgical management of pediatric spine traumas with data on epidemiology, risk factors, preoperative explorations, surgical management, and postoperative neurological examination are presented herein. The goal of this study was to describe the epidemiology of spine trauma in children and to evaluate the timing and techniques of surgery when it was required. Secondary elaborate a decisional algorithm concerning the surgical management of spine traumas in children.

Material and methods

A retrospective chart review of patients admitted to the Pediatric Neurosurgical Department of Woman-Mother-Child Hospital (equivalent to an American Level 1 Pediatric Trauma Center) of the Lyon teaching hopsitals (Hospices Civils de Lyon, France), for traumatic spine lesions that required surgical management, between 2005 and 2016, was performed. The study did not need approval from the ethics committee due to its retrospective nature and the fact that it did not result in a change in care procedures. By signing the consent form for care, parents also agreed to their children's data being used retrospectively. In this study, we only focused on children who underwent surgery. For each case, surgical versus conservative treatment was adapted according to the clinical and radiological status of the patient. [START_REF] Dawkins | Thoracolumbar Injury Classification and Severity Score in Children: A Validity Study[END_REF] Spine traumas included all spinal fractures, dislocations, and subluxations with or without neurologic lesions. Spinal cord injuries without radiologic abnormality (SCIWORA) were excluded since no surgery was performed on these patients. Birth injuries were also excluded. Specific details concerning the mechanism of the injury, level of the injury, neurological examination results, radiological findings, surgical treatment and techniques, and follow-up were collected. Patient follow-up was done clinically with a spine X-ray (EOS ® ). Clinical and MRI examinations were conducted immediately post-operatively, at 3 months, at 6 months, and at 1-year after surgery. After 1 year of follow-up, patients were examined once a year, and after 5 years of follow-up, once every 2 years. Patients who did not attend the follow-up consultation were reconvened; those who still did not attend were contacted by telephone for clinical evaluation and asked to send EOS ® X-ray data to the study center. Patients lost to follow-up were excluded from the analysis.

Patients were divided into three age groups: 0 to 4 years (young children), 5 to 13 years (school age) and 14 to 18 years (teenagers), according to the development process of the bone and muscle maturation in the pediatric population. Injuries developed in spine traumas in teenagers above 14 are considered as similar to those of adults. [START_REF] Onen | Pediatric Spine Trauma[END_REF] Quantitative data were described with the mean, standard error, and range. Qualitative data were described using percentages. For comparison, Student t-test and Chi² or Fisher's exact test were used. A significant value was established for p < 0.05. Website biostatgv.sentiweb.fr was used to conduct statistical tests of significance.

Results

Sample characteristics are described in Figure 1.

Population and sex ratio

In the 12-year study period (2005 -2016) a total of 73 children were treated surgically. The mean age was 14.1 ± 4.11 years (range: 3-18). Three patients (4%) were aged 0 to 4 years (young children group), 20 patients (27%) aged 5 to 13 years (school age group), and 50 patients (69%) aged 14 to 18 years (teenagers). In the overall cohort, the male/female ratio was 1:1.3 with a sex ratio of 1:3 in the school age group that increased in favor of boys in the teenagers' group (1:1 ratio). The proportion of girls in the school age group (n = 15, 75%) was not significantly higher than in the teenagers group (n = 25, 50%, p = 0.053). There was a trend towards more boys in the teenagers group (n = 25, 50%) than in the school age group (n = 5, 25%, p = 0.053).

Mechanism of injuries

The most frequent etiology for spine injuries was motor vehicle collision (MVC) (n = 26, 36%). There were twice more patients with spinal traumas by MVC in the teenagers' group (n = 21, 42%) than in the school age group (n = 4, 20%). MVC was the only mechanism which differed between these two groups. Falls represent the second most frequent etiology (n = 22, 30%) with 6 patients (30%) in the school age group, and 16 patients (32%) in the teenagers' group. Sports were also a cause of spinal trauma (n = 11, 15%): 3 patients (15%) in the school age group, and 8 patients (16%) in the teenagers' group. Sports included biking, skiing, horse riding, rugby, diving and dancing and were predominantly associated to adolescence. Other causes such as train accidents, among others, accounted for 19% (n = 14) of injuries (Figure 2).

Level of injuries

The anatomical distribution of spine injuries was divided as follows: lumbar spine (n = 39, 54%), cervical spine (n = 28, 38%), and thoracic spine (n = 6, 8%) injuries (Figure 3). The three patients (100%) in the young children group presented exclusively with cervical spine injuries which also affected 11 patients (55%) in the school age group and 14 patients (28%) in the teenagers' group. The proportion of cervical spine injuries was significantly higher in the school age group (n = 11, 55%) compared to the teenagers' group (n = 14, 28%, p < 0.01).

Six patients with thoracic spine injuries were included in this study. One patient belonged to the school age group and 5 patients (10%) to the teenagers' group. Eight patients (11%) had lumbar spine injuries in the school age group, and 31 patients (62%) in the teenagers' group. No significant differences were observed between these two groups (p = 0.09).

Type of injuries and radiological analysis

There were more fractures of the vertebral body or posterior elements without subluxation (n = 47, 64%) than fractures with luxations/subluxations (n = 17, 24%) or luxations/subluxations without fracture (n = 9, 12%). Patterns of spine traumas varied significantly across the age groups: there were more fractures alone in the teenagers' group (n = 38, 76%) than in the school age group (n = 8, 40%, p < 0.005). Conversely, there were more luxations (or subluxations) alone in the school age group (n = 5, 25%) than in the teenagers' group (n = 3, 6%, p < 0.05).

Thoracolumbar traumas (n = 45) were also classified according to the Magerl scale: 12 there were 36 patients (80%) with Magerl A (compression lesion) spine traumas (A1 = 4, A2 = 8, A3 = 24); 8 patients (17.8%) with Magerl B (distracting lesion) spine traumas (B1 = 1, B2 = 7, B3 = 0); 1 patient (2.2%) with Magerl C3 (rotational lesion) spine traumas. There was a trend towards more patients classified Magerl A in the teenagers' group (30, 83.3%) than in the school age group (6, 66.6%, p = 0.3). There were significantly more patients classified Magerl A3 in the teenagers' group (23, 76.7%) than in the school age group (1, 16.7%, p = 0.01).

Concerning PWR, 15 patients (20.5%) did not present one, while 58 patients did (79.5%); Among the PWR-positive patients 31 had a recession ≤ 5 mm, and 27 had a recession > 5 mm. No significant difference between Magerl groups (A, B and C) and the value of PWR was found.

Neurological deficit and spinal cord injuries

According to the neurological examination performed, two groups were determined: either there was a deficit, or there was none. Any abnormal neurological examination was directly classified as a deficit. Most deficits were related to cauda equina syndrome, paraplegia, tetraplegia or paresthesias. Thirty-six patients (49%) had no neurological deficits, while 37 (51%) did. Patients with neurological deficits were then divided into two groups: deficit with spinal cord lesion on MRI, or spinal cord injury without MRI abnormality (SCIWOMRIA).

Of the 37 patients with a deficit, 14 (37.8%) had spinal cord lesions (epidural hematoma, medullary contusion, spinal cord section), 13 (35.1%) had SCIWOMRIA, and 10 children (27.1%) needed emergency surgery, without MRI. The number of spinal cord lesions was significantly higher in the school age group (n = 9, 60%) than in the teenagers' group (n = 6, 40%, p < 0.05).

Concerning thoracolumbar traumas, 22 patients (61.1%) had normal neurological examination (NNE) while 14 patients (38.9%) had deficits of the Magerl scale type A. In the Magerl A1 subgroup, no patient presented neurological deficits. In the Magerl A3 subgroup, 11 patients (45.8%) had NNE, and 13 patients (54.2%) had deficits. The number of patients with deficits was significantly higher in the Magerl A3 subgroup (n = 13, 36.1%) than in the Magerl A1 and A2 subgroups (n = 1, 2.8%, p = 0.01). In the Magerl scale type B, 2 patients (25%) had NNE while 6 patients (75%) had deficits. There was a trend towards more patients with deficits in the Magerl B group (n = 6, 75%) than in the Magerl A group (n = 14, 38.9%, p = 0.1). Patients with Magerl C3 lesions already had an irreversible deficit (table 1).

Treatment -Surgical timing

Median timing for surgical management was 1.0 day (range: 4 hours-7 days). Median timing of surgical management in patients with neurological deficits (n = 37) was 1.0 day, while the mean timing was 3.2 ± 2.6 days in patients without a deficit (n = 36).

PWR influenced the timing for surgical management: there were significantly more patients with PWR who underwent surgery before 48 hours (n = 40, 68.9%) than patients who underwent surgery after 48 hours (n = 18, 31.1%, p < 0.05). Patients with a PWR > 5mm (n = 27, 36.9%) had faster surgical management (1.3 ± 2.0 days) than patients with no PWR (n = 15, 20.5%, 6.6 ± 3.6 days; p < 0.03).

-Techniques Concerning thoracolumbar injuries, 45 patients (100%) underwent stabilization and fusion via a posterior approach with bone grafting. Posterior reduction and stabilization one level above and below the fracture, or two segments above and below the injury were practiced according to the level of the injury and the presence of spine instability. In 2 patients, the stabilization concerned three segments above and below the injury. Children with fracture at the thoracolumbar junction had fixation spanning two segments above and below the injury (Figure 4), while the others (no thoracolumbar junction) had fixation one level above and below.

For cervical injuries (n = 28), different approaches were used. Nineteen patients (68%) underwent anterior cervical decompression and fusion with bone graft and plate (Figure 5). Among these patients, 18 (32%) had cervical spine trauma between C3 and C7, and 1 had C1-C2 spine trauma. Nine patients (32%) underwent surgery via a posterior approach because they presented C1-C2 spine traumas (Figure 6).

Neurological deficits and neurological improvement

The mean follow-up was 6.4 ± 3.7 years (range: 1.8-13.3 years). At last follow-up, among the 37 patients with neurological deficits, 8 presented a normal neurological examination after a mean follow-up of 5 years. Initially, among these 8 children there were: 3 cauda equina syndrome, 3 hemi or paraparesis, and 2 neurological pains with paresthesias. Among the 37 patients with neurological deficits, 6 had improved neurological examination. Three were tetraplegics before surgery: 1 became paraplegic, 1 paraparetic, and 1 developed neurologic pain; 2 had cauda equina syndrome before surgery: 1 developed neurological pain and 1 presented neurological bladder dysfunctions; 1 was paraplegic before surgery and became paraparetic after, with walk recovery over limited distances.

The age, level of injury, Magerl scale, and timing of surgical management were not significantly different between children who showed improvement of neurological deficits and children who did not.

Mortality rate

Two children (2.7%) with spinal injuries died. These 2 children presented cervical lesions.

One of them died from cervical spinal cord compression performing a complete spinal cord section. The other died for the associated severe brain injury (acute subdural hematoma responsible for a brain herniation).

Discussion

Teenage patients are at highest risk of spine traumas because MVC was the first etiology in children, and for this reason, they are over-represented in the pediatric population. Children presented with more neurologic deficits when the spine fracture was higher along the Magerl scale. Measuring PWR was an additional argument to induce rapid management. The timing of surgical management could be better codified, explaining our willpower to develop an algorithm decision for children with a spine trauma (Figure 7). Surgical procedure should be carried out as soon as possible when patients present with a neurological deficit or have Magerl C type fractures. Rapid management should help prevent irreversible damages to the spinal cord (such as long compression) and treating unstable spine fractures. At the thoracolumbar junction, a two-level up and down fixation to avoid residual instability and a sagittal imbalance is recommended. According to our experience, the material should not be removed prematurely to prevent risks of secondary deformation. Because it was removed in one case (a teenager), who then unfortunately developed lumbar scoliosis and that required secondary surgical management; we are now careful in our practice not to remove the material too early (but left in place at least one year).

The goal of this study was to harmonize the surgical management of spine trauma in children: a decisional algorithm (Figure 7) is therefore proposed. It is based on items used in the Thoracolumbar injury classification and severity score, [START_REF] Dawkins | Thoracolumbar Injury Classification and Severity Score in Children: A Validity Study[END_REF][START_REF] Dawkins | Thoracolumbar Injury Classification and Severity Score in children: a reliability study[END_REF] and subaxial cervical spine injury classification [START_REF] Mascarenhas | Parsing the Utility of CT and MRI in the Subaxial Cervical Spine Injury Classification (SLIC) System: Is CT SLIC Enough?[END_REF] recently described. The element added to this algorithm is timing of the surgery in order to improve the neurological status of children with deficits. Two different strategies according to the presence or absence of a neurological deficit is proposed. In children without deficit, two radiological criteria were searched: Magerl scale and value of PWR. When patients present Magerl A fracture or PWR< 5mm, the surgical procedure can be performed after 48 hours. When patients present Magerl B fracture or PWR >5mm, the surgical procedure was done under less than 48 hours. Finally, when patients present Magerl C fracture without neurological expression, reduction and fixation must be done as soon as possible to avoid complications due to spinal cord compression.

In children with cervical traumas and neurological deficits, we propose to realize an emergency MRI and practice anterior or posterior decompression, or both -according to the level of injury. In children with a deficit and thoracolumbar injury, using the same emergency criteria, a spine MRI must be realized, after which two options are available. In case of neurological deficits explained by imaging (fracture explains deficit, the presence of epidural hematoma, transection…), early surgical treatment is proposed because a rapid decompression and stabilization of spine can lead to better chances of improvement. In the absence of lesions on radiological examination in children with deficits -described herein as SCIWOMRIA -and of no unstable lesion explaining the deficit, early surgery is more debatable. In this case, monitoring of the clinical evolution is essential.

Out of the patients who had vertebral fractures (or dislocations), some children had deficits, that no imaging could explain( i.e., normal MRI). Strictly speaking, they were not SCIWORA cases because the patients had spine fractures. Yucesoy et al. criticize this ambiguous term and think that the scientific population needs to create a more strict definition with more stringent criteria. [START_REF] Yucesoy | SCIWORA in MRI era[END_REF] Here, a new term is proposed: SCIWOMRIA which defines every spine trauma (with bone fracture or dislocation) presenting with normal spinal cord MRI (no contusion, edema, epidural hematoma, acute disc herniation, transection, syringomyelia…). Therefore, patients may have spine fractures that cannot explain neurological deficits, and this is SCIWOMRIA. Davis et al. described SCIWOMRIA in their cohort of seven children, as one revealed a normal spinal cord MRI although they had neurological deficits. [START_REF] Davis | Spinal injuries in children: role of MR[END_REF] We thus question ourselves: no lesion can be showed by MRI (SCIWOMRIA), but the absence of normal radiological exam cannot eliminate the presence of spinal cord damage. Nerve fiber sideration (without MRI signal abnormality) might therefore be considered to explain the pathophysiology of this mechanism.

In our series, the incidence of spine traumas is lower than in other series because some authors include all spine traumas and not only those who underwent surgery. [START_REF] Mendoza-Lattes | Pediatric Spine Trauma in the United States--Analysis of the HCUP Kid'S Inpatient Database (KID) 1997-2009[END_REF][START_REF] Hamilton | Pediatric spinal injury: review of 174 hospital admissions[END_REF][START_REF] Kim | Traumatic spinal injuries in children at a single level 1 pediatric trauma centre: report of a 23-year experience[END_REF] This study reports the majority of the pediatric population in the region with severe spine traumas. Indeed, our trauma center is the only one in the region to admit severe spine traumas, particularly when surgical treatment is required.

In non-surgical cohorts, the mean mortality rate was 3%, [START_REF] Hamilton | Pediatric spinal injury: review of 174 hospital admissions[END_REF][START_REF] Kim | Traumatic spinal injuries in children at a single level 1 pediatric trauma centre: report of a 23-year experience[END_REF] but the mortality rate increases dramatically to 18% in cohorts studying pediatric cervical injuries. 20,21 According to Cirak et al. the majority of deaths (67%) occurred in patients with upper cervical injury. 22 Similarly to Carreon et al., we conclude here that young children with cervical injuries have a higher risk of death than older children. 23 There is a parallelism between the age of children and the level of the injury. This correlation reflects the immaturity of the disco-ligamentary system in young children. Biomechanical force distribution on bone and ligamentous systems is very different between young children and teenagers. [START_REF] Onen | Pediatric Spine Trauma[END_REF] This explains why dislocations happen more frequently at a young age. Importantly the maturation and biomechanical force of the spine can be considered equivalent in adolescence and adulthood. [START_REF] Onen | Pediatric Spine Trauma[END_REF] In some papers, the experience reported on cervical traumas in the pediatric population represented a large part of orthopedic treatment while only about 20% of children underwent surgical management. 20,21 Moreover, in these cohorts, patients were older (69.3% of patients were > 9 years old) 20,21 adding to the evidence that maturation of the ligamentous and skeletal systems is the same in teenagers and adults. Like us, other authors found significant differences in the distribution of injuries between age groups in favor of cervical injuries in young children. 22 Concerning neurological deficits, we observed that in the pediatric population, the higher the Magerl's scale, the higher the possibility of a neurological deficit. Our results confirm those of Argenson and Lassalle in the adult population. 24 This can be considered an additional argument that the age-dependent spine maturation has different consequences on spinal traumas. Generally speaking, the more severe the spine trauma, the more severe the consequences on neurologic recoveries are. That is, if inadequate and slow management is performed.

The present work presents some limitations. It was based on a single-center, retrospective analysis of patients. However, it reports one of the largest cohorts of spine traumas with exclusive surgical management in the literature. In this study, thoracolumbar injuries were also classified with the Magerl scale, [START_REF] Magerl | A comprehensive classification of thoracic and lumbar injuries[END_REF] and for each patient the PWR was measured and correlated to the neurological deficit. This correlation allowed us to demonstrate that the value of PWR is an essential element for rapid surgical management decision. Hamilton et al. present a higher rate of improvement, but with only 26% of patients having undergone surgery. [START_REF] Hamilton | Pediatric spinal injury: review of 174 hospital admissions[END_REF] Authors agree that patients with complete cord injury have a poor prognosis for recovery of neurological functions, whereas patients with incomplete injury generally fared much better. 23,25 This explains the fact that despite early surgical management, some children showed little improvement of neurologic deficits as the spinal cord lesions were severe.

Conclusion

Disco-ligaments maturation is an essential concept for studying spine traumas in children, but also in surgical management, as teenagers could be considered as adults. Surgical procedure should be carried out as soon as possible when patients present a deficit (except for patients with SCIWOMRIA). At the thoracolumbar junction, a two-level up and down fixation is recommended. Because teenagers are the first victims in the pediatric population, the politics of public health and prevention must decrease numbers of damaged children on roads. 

Ribeiro da

  Skeletal and discoligamentous injuries were diagnosed either by standard radiographic examination (anterior-posterior, lateral and open-mouth), computed tomography (CT) scan, or magnetic resonance imaging (MRI), depending on standard view or clinical suspicion. Spine traumas were classified into three categories, based on radiological criteria: a) fracture of the vertebral body or posterior elements without luxation; b) fracture with luxation or subluxation; c) luxation or subluxation without fracture. Magerl scale was used to class thoracolumbar spine traumas. When a posterior wall recession (PWR) was present, patients were classified into two groups: recession ≤ 5 mm or recession > 5 mm.
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 12314 Figure 1: Description of population characteristics. Division and classification in subheadings as stated in the main text

Figure 5 :

 5 Figure 5: Sports accident (rugby) in young male aged 9 a: Cervical spine CT-scan shows fracture and dislocation C5-C6 with posterior wall recession. b: Sagittal cervical spine MRI showed spinal cord crushing with an intramedullary contusion. c & d: Post-operative front and profile cervical spine X-Ray show fusion and realignment of C5-C6 vertebral bodies.

Figure 6 :

 6 Figure 6: Child girl aged 3 a: X-Ray Cervical spine demonstrates displaced type III odontoid fracture associated to luxation. b: MRI Cervical spine shows intramedullary hypersignal T2, a consequence of spinal cord suffering. c & d: Post-operative X-Ray Cervical spine with perfect fusion and realignment.

Figure 7 :

 7 Figure 7: Algorithm tree in spine traumas in children *: or appropriate scales for cervical spine traumas (Magerl scale being used for thoracic and lumbar traumas) †: 1-0-1means fixation spanning one segment above and below the injury ‡: 2-0-2 means fixation spanning two segments above and below the injury
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