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Traumatic brain injury (TBI) is a leading cause of morbidity and mortality in children and adolescents. Survivors of severe TBI are more prone to functional deficits, resulting in poorer school performance, poor health-related quality of life (HRQoL), and increased risk of mental health problems. Critical gaps in knowledge of pathophysiological differences between children and adults concerning TBI outcomes, the paucity of pediatric trials and prognostic models and the uncertain extrapolation of adult data to pediatrics pose significant challenges and demand global efforts. Here, we explore the clinical and research unmet needs focusing on severe pediatric TBI to identify best practices in pathways of care and optimize both inpatient and outpatient management of children following TBI.
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INTRODUCTION

Traumatic brain injury (TBI) represents a global health problem of substantial proportions. Worldwide, it is the leading cause of mortality in young adults and a major cause of injury-related death and disability across all ages in the majority of countries (1). Recent estimates of the global, regional and national burden in terms of incidence and years of life lived with disability reveal a disproportionate TBI burden in low–middle-income countries (LMICs) vs. high-income countries (HICs) (1, 2). Despite this, LMICs are often poorly resourced to conduct trials and publish data on TBI vs. HICs (3). Addressing this disparity is crucial to implement optimal global prevention strategies, expand current knowledge on TBI patterns and to develop practical clinical care recommendations with a worldwide perspective (4).

Age is among the strongest outcome predictors of outcome in TBI with children and elderly being the most vulnerable populations (1, 5). The functional impact of TBI in children goes far beyond the acute injury. While some cognitive, motor, and behavioral sequelae are immediately apparent, others may emerge later when a child re-attends school or an infant fails to develop as expected. Furthermore, pediatric TBI (pTBI) care suffers from a number of other limitations, including (1) a long-standing underestimation of the anatomical and physiological differences, relevant to TBI, between children and adults; (2) inappropriate extrapolation of adult data to pediatrics that often occurs due to the limited clinical evidence on which recommendations are based; and (3) scarce pre-clinical and clinical research specifically focused on pTBI (5). As a result, children are at high risk to receive suboptimal care (6). These challenges in pTBI, encompassing systems of care, clinical management and research strategy, demand novel approaches to produce new evidence to be implemented into clinical practice (7). In this regard, Comparative Effectiveness Research (CER) studies, such as CENTER-TBI (in adult and pediatric patients) and ADAPT (Approaches and Decisions in Acute Pediatric TBI) trial, are promising novel approaches that may help to fill the gap between adult and children knowledge and between HICs and LMICs outcome (8).

This work integrates the key insights stemming from an international conference and explores the clinical care and research priority issues to inform and stimulate further initiatives aimed at ensuring an adequate and effective pediatric-tailored TBI management.

Selection of evidence:

Papers for consideration for the present narrative review were identified by a PubMed search, using different combinations of pertinent keywords (e.g., traumatic brain injury AND management). Only articles published in English during the last 20 years were included. Papers were selected for inclusion according to their relevance for the topic, as judged by the Authors.



FROM EPIDEMIOLOGY TO PATIENT MANAGEMENT: CURRENT KNOWLEDGE AND GAPS IN PEDIATRIC TBI


TBI Burden Estimation: the Need for Standardized Epidemiological Monitoring

pTBI is the most common cause of death in children and young adults worldwide with a high variability in incidence across diverse geographic regions with most reporting a range between 47 and 280 per 100,000 children (9, 10).

Reliable quantification of the burden of TBI is difficult to achieve due to inadequate standardization of data definitions and severity classification. Common data elements have only recently begun to be standardized and harmonized in pediatric TBI (11). Approximately 80% of pTBI cases can be classified as mild (Glasgow Coma Scale [GCS] score ≥13) with negative imaging findings and these cases are often seen by family practitioners; thus, epidemiological estimation based on hospital admission or emergency department (ED) visits underestimates the true TBI incidence as much as 4–5-fold (12). Similarly, in LMICs, access to healthcare resources may be challenging and result in a falsely low prevalence of TBI diagnosis, including children who die before hospitalization (1). Despite the magnitude of this burden, data to characterize the etiology and risk factors associated with childhood injuries are limited, especially in LMICs. Overall, accurate measurement of incidence, prevalence, morbidity, mortality, and rates of access to community, hospital and rehabilitative, and outpatient care across the globe are urgently needed as they can inform public prevention measures and appropriate allocation of healthcare resources and research priorities.

Summary of gaps and actionable suggestions

• Reliable quantification of the burden caused by TBI is difficult owing to inadequate standardization of data entry and a substantial variability in TBI definition and severity classification

• Centralization of epidemiological data in local and national registries, as well a better integration between existing trauma registries may contribute to an improved pTBI burden estimation (useful also in LMICs)

• Development of context-specific clinical practice guidelines and building global research collaborations to bridge the existing gaps in knowledge on all aspects of the provision of care (useful also in LMICs).



Pre-Hospital Care

Patients with TBI, particularly those with moderate or severe injury, need timely-efficient and specialized care. Thus, pre-hospital care initiates the chain of trauma care that includes a spectrum of caregivers and skills: first responders, dispatch systems, basic life support, mobile medical teams, helicopter emergency medical services (HEMS), and hospital choice (1). There is a long-standing controversy on the optimal approach—that is, whether it is beneficial to stabilize patients on the scene of injury before the transfer or to transfer them to hospital as rapidly as possible (stay-and-play vs. scoop-and-run approaches) (1).

Helicopter use and its impact on TBI outcomes remain controversial (1, 13). Several pre-hospital major trauma patient triage scores have been developed and are currently used, (i.e., the triage revised trauma score -T-RTS, pediatric trauma score- PTS, Vittel criteria, Mechanism/GCS/Age/Systolic blood pressure score -MGAP, the new trauma score –NTS, and the National Advisory Committee for Aeronautics severity score -NACA-SS) but none of them has demonstrated a clear superiority over the others. Available evidence on air vs. ground transport mostly explores advantages of helicopter use in terms of time effectiveness while raising concern on its economic sustainability (14). Scarce and not always comparable data are also available about the overall clinical impact of mode of transport (15). Thus, future research should aim at addressing the appropriateness of helicopter transport in terms of clinical outcome and interventions upon hospital arrival, rather than being focused solely on time-saving. Furthermore, an effort must be made to validate tools that allow adequate patient triage. In addition, from a pathophysiological perspective, it has been postulated that helicopter transport may impair brain perfusion in patients suffering from TBI. After initiating intracranial pressure (ICP)-lowering strategies on the scene, helicopter transportation may counteract their benefit by the use of the in-flight Trendelenburg position which produces cerebral venous blood pooling (16). The effects of helicopter transport on secondary neurological damage have yet to be evaluated in-depth; nevertheless, in moderate/severe injuries, HEMS seems to be associated with decreased mortality, potentially saving one life for every 47 flights (17). Critically injured patients, who potentially have the most to gain by rapid transport to definitive care, may not all be optimally served by air transfer given the increased risk of sustaining a secondary injury, due to uncontrolled ICP (16). Addressing both in-hospital and pre-hospital management of severe TBI is required to reduce the high mortality in LMICs. Fifty percent of patients who die from TBI do so within the first 2 h of injury (18). Patients who die before reaching a hospital in LMIC is over twice that of HICs (19). Overall, while pre-hospital care is an evolving field in many LMICs we continuelack on necessary emergency medical care services that would improve outcomes in resource-limited countries (20).

Finally, a recent study of TBI management in four resource limited setting in Africa revealed that although EMS was described as available, it was not often used and most of the patients arrived by taxi, bus, or private vehicle (21). In addition, EMS personnel were trained only in basic life support. In that report, helicopter transport was generally not available, and the report concluded that in most cases it was not required.

Summary of gaps and actionable suggestions

• Inter-hospital transfers are 2-times higher for children compared with adult patients and over-triage occurs more frequently in children compared with adult patients (89 vs. 81%).

• The overall impact of mode of transport on clinical outcomes is not yet established.

• Triage of pediatric TBI patients should be ensured to pediatric trauma centers.

• Increased efforts are needed to develop a highly sensitive and specific pediatric trauma triage tools to aid decision-making and to ensure accuracy of field triage and associated diagnostic protocols.

• Future work should consider how to categorize pediatric injuries and determine which mechanisms predict the need for referral to a trauma center.



Pediatric Guideline Update 2019 and Algorithm: a Pragmatic Pathway to Improve Pediatric TBI Management

In late 2019, the Third Edition of the Brain Trauma Foundation (BTF) guidelines for hospital care for severe pTBI was published as three distinct documents: the full guidelines, an executive summary and a treatment algorithm. A total of 22 recommendations with nine being new or revised from previous editions were presented (22, 23). However, none are level I, three are level II and 19 are level III. A detailed description of guidelines recommendations is beyond the scope of this review and we refer the reader to the original publications (22, 23). Relevant methodological insights and clinical perspectives should be highlighted as they have mostly contributed to the revision of previous recommendations.

For the first time, ICP control was considered an outcome along with mortality. The authors, while acknowledging that any conclusive demonstration that ICP-targeted therapy would improve long-term outcome is lacking, recommend the inclusion of this outcome by virtue of the high-quality evidence stemming from studies having ICP control as primary endpoint. A high variability in locally used treatment protocols, particularly for topics with limited evidence (e.g., ICP control) has been reported by both American and European TBI centers (23). Thus, both stood as an integral part of TBI management despite the lack of evidence with all centers unanimously reporting the use of an ICP threshold of 20 mmHg (24). Nevertheless, three new class III retrospective observational studies were added to the evidence base for this topic. Apparently divergent recommendations were made on the approach to temperature control depending on the considered outcome–either ICP control or overall outcome. Prophylactic mild hypothermia—as a first-tier therapy for all severe TBI cases is not recommended, while hypothermia has support as an option for second-tier use in the setting of refractory intracranial hypertension (Table 1). This approach highlights how effects of therapies on both ICP and long-term outcome can help guide provision of care in TBI patients.


Table 1. Summary of the main new Brain Trauma Foundation 2019 recommendations listed by topic.
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Another challenge to TBI guidelines development is the longstanding lack of consistency in patient care across centers, with <50% of clinical sites providing protocol-based care for children with severe TBI in PICUs (25). Thus, the BTF promoted the development of an algorithm as a practical attempt to help guide bedside care, as well as provided a framework for future research. The new algorithm focuses the many available treatment options given the low level of evidence for most of the guideline recommendations. The algorithm also aims to clarify important nuances of care (i.e., variations in “tempo” and timing during which therapies are implemented and the combining of different monitoring modalities, such as ICP and brain tissue oxygen tension (PbrO2) (Figure 1). While it is important to provide linear algorithm sequences for first-tier management of ICP, cerebral perfusion pressure (CPP) and PbrO2, the progression in first-tier may be not linear if multi-parametric monitoring is used. Nevertheless, refractory ICP can lead to progression through the entire first tier of therapy in a matter of hours or less (23).


[image: Figure 1]
FIGURE 1. Evidence- and consensus-based algorithm of first- and second-tier therapies for pediatric TBI management. (A) The algorithm includes several components, such as baseline care (black), an ICP pathway (yellow), a herniation pathway (green), a CPP pathway (orange), and a PbrO2 pathway (purple). Solid lines identify the ICP and CPP pathways, reflecting their primary role, a dashed line identifies the PbrO2 pathway, given the fact that it represents a monitoring and management option, which is less commonly used and has less literature support. The caregiver should integrate all available information and implement the guidelines within the context of each patient's unique response to various therapies to establish the optimal treatment regimen. If baseline care is insufficient to control ICP, then progression down the ICP and CPP pathways is indicated (solid black line). First tier interventions progressing down the ICP pathway include optimized baseline care with controlled mechanical ventilation with normocarbia and adequate oxygenation, elevation of the head of the bed, nutrition, and appropriate analgesia and sedation, followed cerebrospinal fluid drainage and the use of hyperosmolar therapy as directed by ICP, CPP, or PbrO2. Please see the published TBI management algorithm (23) and Table 1 for details. The blue box indicates the need for second-tier therapy and represents the link to (B), which represents the treatment options for refractory intracranial hypertension when tier 1 approaches are insufficient. These therapies may be applied singularly, serially or in combinations. In addition, as shown, the management of refractory intracranial hypertension in the second-tier phase may be aided by the use of advanced monitoring. Data are not available on the number of patients treated with each of the first and second tier therapies given that even Guidelines-based care is highly center dependent. CBF, cerebral blood flow; CPP, cerebral perfusion pressure; CT, computed tomography; EEG, electroencephalogram; GCS, Glasgow Coma Scale; ICP, intracranial pressure; PbrO2, brain tissue partial pressure of oxygen; PRx, pressure reactivity index; TBI, Traumatic brain injury; TCD, transcranial Doppler ultrasonography. Graphical elaboration of text and Figures 1, 2 in (23).


Overall, the algorithm represents an approach to acute care that sets the stage for important medical, surgical and rehabilitation approaches in the subacute and delayed post-injury periods with the goal to optimize long-term outcomes in severe pTBI (23). It represents a guide to be tailored to each individual clinical case by placing more emphasis on the significance of the proposed thresholds that should be interpreted as “minimum therapeutic targets” rather than optimal targets.

While BTF guidelines recommend monitoring ICP to assess intracranial hypertension and direct therapy, in resource limited areas of the world there is no access to ICP monitor technology or when available (via ventriculostomy), it is rarely used. This is the consequence of multiple factors including limited availability of neurological surgeons, expense, complications, and labor intensity, among other reasons. This means that most pediatric patients with severe TBI are treated without use of ICP monitoring and may also not receive other forms of invasive monitoring. Early decompressive craniotomy without ICP monitoring in children with severe TBI and signs of raised ICP has been suggested in a case series of LMIC setting (26).

Unfortunately, there are no Guidelines and no literature on how to treat severe pediatric TBI without use of ICP monitors. A current trial (NCT02059941) is aiming at developing guidelines for the treatment of severe TBI in the absence of ICP monitoring and test them by working with a team of clinicians that practice in austere environments in LMICs and routinely make decisions based either on a treatment protocol, their clinical experience, or both. A recent Delphi survey involving a large multidisciplinary group of experienced neurosurgeons and intensivists from resource-limited countries identified a set of predictors derived from basic clinical and imaging findings that defined those patients whom they would treat for suspected intracranial hypertension in the absence of ICP monitoring (27). Furthermore, although a consensus-based guideline for severe TBI treatment without ICP monitoring has been developed by a 47-clinician task force, representing 15 Latin America countries, who routinely manage patients with severe TBI without monitors (28), no specific indications for pediatric patients were available. This reinforces the need to develop and implement both Guidelines and consensus-based clinical protocols and therapeutic options useful in LMICs in the absence of advanced monitoring tools.

Summary of gaps and actionable suggestions

• No level I recommendations are currently available for pTBI management

• A high variability in treatment algorithms, particularly for topics with limited evidence (es. ICP) exists among centers worldwide

• New comparative effectiveness studies may support further refinement of current recommendations (potentially useful also in LMICs)

• Tailoring treatment algorithms to each patient's needs as well as interpreting treatment thresholds as minimum therapeutic targets rather than optimal targets may optimize pTBI care (useful also in LMICs).



Advanced Neuro-Monitoring

• ICP and related parameters

ICP and CPP monitoring are the current standards to guide therapy in severe TBI (22). However, clinical evidence supporting the link between ICP monitoring and improved outcomes remains poor and even less robust in children than in adults (22, 29–32). Several reasons may have contributed to this. First, ICP and CPP are inadequate as tools to inform clinicians efficiently about the complex brain pathophysiology underlying pTBI because of the multifactorial contributions to intracranial hypertension (33). Very dissimilar clinical conditions may result in very similar, yet unpredictable, variations in ICP that may not follow linear relationships as observed for the prolonged lag time existing between ICP variation and metabolic dysfunction, failing to produce the expected outcomes.

Second, studies in pTBI are also scant and suffer from small sample size, further inducing the use/extrapolation of adult thresholds. However, this fails to consider the subtle differences in anatomy and physiology between adults and children and even across pediatric age strata. Furthermore, in children, defining adequate ICP and CPP control is more complex than that in adults, because of different and less well-established normative thresholds for ICP and blood pressure (34, 35). Thus, we may need to tailor thresholds to age, baseline values, injury phenotype (diffuse or focal), and the therapeutic approach (i.e., the ICP threshold to administer hyperosmolar therapy likely differs from that used to perform a craniectomy) (36).

Third, the optimal approach to CPP-directed therapy appears to depend on the state of blood pressure autoregulation of cerebral blood flow (i.e., intact vs. impaired). Some have suggested the ability to delineate optimal CPP for patients with TBI, although not with universally validated methods (37). In this context, pressure reactivity index (PRx) can be used to evaluate cerebral autoregulation and by plotting average PRx across different CPP values, it is possible, in some patients, to estimate optimal CPP, namely the CPP at which the autoregulation is maximal (38, 39). However, although representing the best physical correlation between ICP and mean arterial blood pressure (MAP), “optimal CPP” may not represent the best perfusion pressure for a given patient with a specific pathophysiology, and issues of global vs. focal injury may further complicate the ability to define a truly optimal CPP. Nevertheless, to our knowledge, no established protocol exists for the management of brain swelling in severe pediatric TBI without an ICP monitor. And any such protocol or approach would almost certainly be based on prior clinical experience surrounding the result of such therapies on ICP and/or CPP (40).

Finally, many secondary injury pathways can operate independently of raised ICP, including neuronal death cascades (i.e., apoptosis, ferroptosis), facets of neuroinflammation, and synaptic damage, among others (41–43).

PbrO2 is used in a selected number of centers as a complementary tool to ICP monitoring and correlates with disease severity, mortality and metabolic alterations in TBI (44–46). However, debated treatment thresholds and two main technical limitations (catheter positioning and spatial resolution) hamper its use to direct optimal care in pTBI. First, catheter misplacement is very common and probe placement may sometimes require craniotomy; nevertheless, some neurosurgeons report that a craniotomy actually complicates probe placement. The tunneled probe has a higher propensity to shift position when the skin flap is returned. Second, because of its low spatial resolution, PbrO2 may reflect the oxygenation of a specific brain area failing to provide a comprehensive picture of the potential ischemia resulting from TBI (47, 48).

To date, the aforementioned monitoring tools, when considered individually, may vary and their changes are linked and dependent on a multifactorial variety of physiological and clinical parameters in children. Thus, an advanced neuro-monitoring approach that integrates ICP, CPP, PbrO2, and possibly other parameters, in a patient-tailored framework is needed to guide appropriate decision-making processes (49).

• Imaging and radiology

CT is the modality of choice for most initial assessments of severe TBI due to its ease of access, rapid acquisition and its sensitivity to detect skull fractures and acute hemorrhagic lesions that may require surgical intervention (50, 51). Management of the injured child requires special considerations and, among the issues unique to children, there is the need to limit radiation exposure as low as reasonably possible (52, 53). Clinicians should, thus, balance the risk of missing a potentially devastating intracranial injury vs. the risk of radiation exposure particularly in mild TBI cases that infrequently require CT (54). A repeat CT scan >24 h after the first assessment is not suggested to guide decisions on neurosurgical treatment, unless there is either evidence of neurologic deterioration or increasing refractory ICP (22).

The development of clinical prediction rules may optimize clinical management by reaching the optimal trade-off between patient risks and benefits. The Pediatric Emergency Care Applied Research Network (PECARN) is the only clinical prediction rule, including two different age-appropriate clinical assessments (<2 and ≥2 years), on the premise that children under 2 years have a different brain injury risk profile, have a different development-dependent ability to express signs and symptoms and are more sensitive to the effects of radiation from CT (50, 54, 55). Physicians should use the age-appropriate PECARN algorithms to help decision-making about head CT scans in children with a GCS ≥14 while favoring initial observation over CT for children at intermediate risk for clinically important TBI (54).

Although magnetic resonance imaging (MRI) does not expose children to ionizing radiation, conventional MRI requires the child to remain motionless for several minutes and usually requires anesthesia or sedation. MRI is typically reserved to detect lesions that may explain clinical symptoms, which remain unresolved despite initial CT, especially in the setting of diffuse axonal injury (DAI) (51, 56). Compared with CT, MRI provides prognostic insights and identifies significantly more intra-parenchymal lesions in pTBI, particularly in children AHT.

Promising alternative imaging modalities have recently emerged and bypass the long-term sedation and radiation risks. Fast sequence MRI (fsMRI) should be considered for pediatric patients with potential TBI to decrease radiation exposure while maintaining comparable diagnostic accuracy to CT (sensitivity of 93%). The ability to complete imaging in ~5 min, by using abbreviated sequences, suggests that fsMRI could be appropriate even in the ED, where patient throughput is a priority (57). MRI availability, staff expertise in facilitating non-sedated studies, and buy-in from neurosurgical colleagues and skilled radiologists to perform timely image reviews are all required to successfully implement fsMRI. Overall, fsMRI increased sensitivity for DAI but reduced sensitivity for non-depressed linear skull fractures (57). Further evidence is needed to establish MRI markers to prognosticate and guide therapy after severe pTBI.

Point-of-care ultrasonography (POCUS) or near infrared spectroscopy are increasingly used as adjunct diagnostic tools in the initial assessment of pTBI. US is fast, safe, portable, can be performed at the bedside, cost-effective and well-tolerated, even by children. POCUS can detect the type and depth of skull fractures, thus prioritizing patients for CT scan and earlier neurosurgical consultation. Nevertheless, the many limitations to the potential scope of the utility of these tools in clinical decision-making along with user-dependence of the findings stand as main drawbacks to their routine use (57, 58). A new approach, ultrasonography (US) assessment of the optic nerve sheath as a surrogate marker of brain edema, has emerged as an area of exploration that if validated, could have potential utility at the bedside, particularly in LMICs (59).

Along with CT and MRI, neurophysiological tools, such as electroencephalogram (EEG) allow the detection of the epileptogenic risk and most notably, can identify sub-clinical seizures or status epilepticus. The American Clinical Neurophysiology Society guidelines recommend routine EEG monitoring in severe pTBI, as the occurrence of electrographic seizures after severe TBI is higher in children than adults, occurring in up to 70% of cases (60). This is particularly true in infants and victims of AHT. Evidence supports the use of EEG throughout the management course, particularly when neuromuscular blockade is used or to detect electrical asymmetries. Anti-epileptic drugs are currently administered as seizure prophylaxis early after severe pTBI. Phenytoin and levetiracetam are the most commonly used medication (61). However, EEG monitoring, seizure prophylaxis, the management of status epilepticus or refractory status epilepticus, as well as the measurement of anti-convulsant drug levels vary greatly between centers as reported in ADAPT trial and PEGASUS (Pediatric Guideline Adherence and Outcomes) Study, likely reflecting the paucity of available data to guide clinical decisions (23, 61, 62).

Summary of gaps and actionable recommendations

• ICP and CPP are inadequate as tools to inform clinicians efficiently about the complex brain pathophysiology underlying pTBI because of the multifactorial contributions to intracranial hypertension

• Despite its use as a complementary tool to ICP, PbrO2 displays debated thresholds and two technical limitations (catheter positioning and spatial resolution) hamper its use in directing optimal care in pTBI

• Although conventional MRI does not expose children to ionizing radiation, CT remains the modality of choice for most initial assessments due to its ease of access, usually not requiring anesthesia or sedation.

• An advanced neuro-monitoring approach that integrates ICP, CPP, PbrO2, and possibly other parameters, in a patient-tailored framework is needed to guide appropriate decision-making processes

• The PECARN clinical prediction rules may optimize clinical management by reaching the most convenient trade-off between patient risks and benefits for mild pTBI (useful also in LMICs)

• fsMRI appears a valuable and feasible alternative to CT scan in the emergency department setting to reduce radiation risk related to CT scan.



Decompressive Craniectomy and Cranioplasty: When, How, and Complications

Decompressive craniectomy (DC) is recommended in pTBI to treat neurological deterioration, herniation or refractory ICP at level III recommendations. The difference between adult (level IIa) (63) and pediatric recommendations may reflect the low quality and quantity of evidence on the use of DC in children (class III studies, case series with non-comparable designs) (22). Despite efforts to derive reliable conclusions, strong evidence is lacking on the role of DC in pTBI particularly for very young children, with current recommendations being partially adapted from adult studies.

The availability of higher quality data (i.e., the complete data for young patients) from the Randomized Evaluation of Surgery with Craniectomy for Uncontrollable Elevation of Intracranial Pressure (RESCUEicp) trial and the planned Decompressive Craniectomy for Severe TBI in Children with Refractory Intracranial Hypertension (RANDECPED) 2019 trial (NCT03766087) may inform stronger recommendations.

The RESCUEicp trial showed that, when used for refractory ICP, DC could be life-saving but resulted in higher rates of vegetative state and severe disability (64). However, by 12 months, post-hoc analysis revealed that the subset of younger patients in the DC group exhibited better functional outcome vs. the medical therapy group (65, 66). Despite its efficacy to control ICP and reduce mortality in severe TBI, DC is associated with significant early and late complications, including expansion of contusion volume, fungus cerebri, hemorrhagic infarction, seizures, infection, hygroma, and hydrocephalus (22, 65, 67).

The timing and technique of DC in pTBI have been a matter of lively debate. A primary DC is usually undertaken “as soon as possible” (done at the time of mass lesion evacuation), while secondary DC is driven by ICP. An ICP threshold of 20 mmHg is generally used (22); nevertheless, age-specific ranges are yet to be determined for children. As per DC technique, unilateral (focal lesion) and bifrontal DC (i.e., diffuse injury) represent the preferred surgical options, while bilateral circumferential and bilateral frontotemporal craniectomies are less frequently used (60, 61). No further specific recommendations for the technique of DC are available except an adequate decompression size including a wide opening (22, 65). A large fronto-temporo-parietal DC (not <12–15 cm diameter) was also recommended (63).

The optimal timing, the most appropriate surgical technique, and the specific benefits of DC for children are yet to be well-studied. Thus, the decision-making requires careful assessment by a multidisciplinary team (neurosurgeons, neuro-intensivists), and appropriate parental involvement to clearly outline the surgery pitfalls when discussing prognosis (67).

Finally, the observation that <10% of the RESCUEicp population was enrolled in LMICs, where TBI burden is substantial and the paucity of the neurosurgical workforce and absence of rehabilitation services impede adequate TBI care, raises the question on the feasibility, on a global scale, of recommendations on DC mostly derived from studies performed in HICs (68). In the aforementioned study of TBI in four LMICs in Africa, neurosurgical interventions were available in three out of the four centers and were performed in 16% of the cases (21).

The goals of cranioplasty following DC are to protect the brain and to improve neurological outcome with an optimal functional and aesthetic result. Usually, it has taken several months after DC to allow for recovery and to ensure that cerebral edema has subsided (69). Although these strategies have been extrapolated from those routinely practiced in adults, they may be not suitable or tailored for children. Furthermore, the patient age, normal skull growth and brain development could impact the available options. The optimal timing for cranioplasty for pTBI remains unclear. Early cranioplasty (from 30 days to 6 weeks after DC) reduces the risk of complications and improves the neurological outcome (70); however, it is not indicated in the presence of infection. Late cranioplasty (>6 weeks to 6 months) is associated with CSF disturbances (hygroma and hydrocephalus) and bone flap resorption (71, 72). In contrast to adults, autologous bone is still considered the “first choice” in children, given its biocompatibility and genetic match to the patient skull. Nevertheless, a significant incidence of complications, such as infection and bone resorption, resulting in high replacement rates (as high as 45.5% in infants) are frequently reported (71, 73–77). Furthermore, adequate, well-vascularized soft tissue is an important factor to achieving successful reconstruction. Indeed, the small thickness of the bone flaps, the poorly represented diploe (78), and the size of the original skull (73) may enhance the resorption rate (73), as can the use of extra-cranial donor bone (i.e., ribs, iliac crest) rather than skull bone (77, 78).

Custom-made implants have recently gained interest, resulting from the introduction of different alloplastic materials: metals (titanium), acrylics (poly-methyl-methacrylate), plastics (poly-etheretherketone), and ceramics (hydroxyapatite). Cranioplasty-related costs differ among various materials and this should be considered in both LMICs and HICs with state-funded healthcare systems. If the skull defect is large or bone flap is inadequate, custom-made implants can be considered for patients older than 6 months and with less risk of a second trauma (78–80). Notwithstanding their effectiveness in reducing complications (14.2 vs. 36.2%), it is a matter of debate if implanting an inert prosthesis may be burdened by drawbacks in the long-term follow-up (70–72). Current research is also focusing on materials with osteoconductive and osteoinductive properties. If the implant is well-osteo-integrated it may have a lower rate of displacement, skin damage and flap removal (78–80). Further evidence is needed to identify the optimal allograft materials for cranioplasty, the age-related factors affecting cranioplasty outcomes, as well as to clarify the secondary disorders of CSF dynamics.

Summary of gaps and actionable recommendations

• No strong evidence is yet available regarding the role of DC in pTBI particularly for very young children, with current recommendations being partially adapted from adult studies

• The optimal timing, the most appropriate surgical technique, and the actual benefits of DC and cranioplasty for children are yet to be well-studied

• The optimal timing for cranioplasty for pTBI remains unclear

• A careful assessment by a multidisciplinary team (neurosurgeons, neuro-intensivists) should be promoted in clinical practice along with appropriate parents' involvement to clearly outline DC pitfalls when discussing prognosis

• Pending further research on materials with osteoconductive and osteoinductive properties, studies are needed to identify the optimal allograft materials for cranioplasty and the age-related factors affecting cranioplasty outcomes.




SHORT- AND LONG-TERM OUTCOMES

Outcomes after pTBI span the spectrum from full recovery to behavioral and psychosocial problems, deficits in communication, deficits in daily living skills and general adaptive function, and severe disability or death. The mortality rate in severe TBI ranges from 16 to 22% (81, 82); however, children with severe TBI presenting with a GCS score of 3 or 4 have a higher likelihood of death (>50%) and morbidity (83).

Plasticity of the immature brain has been proposed to facilitate adaptations to initial insults, leading to improved overall outcomes or even survival. Alternatively, some argue that an injury during a critical early developmental stage may disrupt key developmental processes (84). As these developmental processes unfold over time, many additional variables must be assessed to identify how age affects outcome (8, 85).

The chronic effects of TBI may be greatly impacted by developmental processes involved in brain maturation, thus revealing some symptoms only when the child has reached certain level of developmental maturation. As a result, in many children with mild TBI, behavioral and neuropsychological changes are often underestimated. Furthermore, given the underestimated link between intracranial injuries and the development of chronic neurodegenerative diseases (i.e., chronic traumatic encephalopathy, memory loss), the long-term burden of TBI in children is likely underestimated (86). Only few studies have investigated the impact of pTBI on long-term outcomes (10 years or more) post-injury. While injury-related factors cannot be changed, fortunately, trajectories of chronic outcomes can be influenced positively by providing young patients with cognitive and behavioral support while training parents with supportive intervention strategies (83, 87).

Figure 2 summarizes the evolution of clinical/neurological impairments, medical/rehabilitation needs and educational status during rehabilitation programs. The efficacy of a rehabilitation program could be valuable in the short and medium-term (from 1–3 months to 1–2 years after injury). While improvement in cognitive domains often occurs during the recovery phase post-injury, residual deficits often persist in the chronic phase (2 years post-injury or later). Attention, processing speed, memory, and executive functions represent the cognitive domains mainly affected in the chronic stage of recovery (88).


[image: Figure 2]
FIGURE 2. Flowchart of clinical recovery and main outcomes during the rehabilitation process. The patient who comes out of intensive care must be appropriately assessed to set up the Individual Rehabilitation Project (IRP). The state of consciousness conditions two different rehabilitation paths. In the conscious patient, the goal is to recover the impaired functions. In the patient with a disorder of consciousness the main goal is to stimulate the state of consciousness. The IRP requires continuous re-evaluation and updating because the patient can emerge from the state of consciousness both in the post-acute phase, and more rarely, in the chronic phase. In this case, an intensive rehabilitation program is useful. The child with functional recovery must be re-evaluated during the development and modification of the functional deficit, as new rehabilitation objectives may emerge that require a new intensive path. Post-intensive care Syndrome (PICS). The proposed approach, arising from the experience of Bosisio Parini Institute, could be generalizable to other experience.


Given the complex interaction between individual and context factors and outcome, the panel of international expert of the congress focused on six areas of interest that could significantly impact the outcome even in LIMC setting: prognostic models, CER, patient and family-centered care, rehabilitation, rehabilitation programs, organizational models of care.


Prognosticating in pTBI

Accurate prediction of outcome after moderate-to-severe pTBI is essential to guide family expectations and improve the effectiveness of rehabilitation. However, predicting prognosis after pTBI is challenging due to heterogeneity of patient- or injury-related factors, outcome measures and research methodology. TBI affects multiple outcome domains, thus focusing mainly on mortality and dichotomous extended Glasgow Outcome Scale (GOSE) score (named GOSE-Pediatric [GOS-E-Peds] in children) fails to fully describe the range of pTBI outcomes. Given the relevant incidence of neurological disabilities after pTBI, other outcomes measures, including cognitive and neuropsychological tests, must be prioritized to better define the burden of illness (87, 89). The failure to select measures that would be appropriate for children and infants is another notable limitation. The Functional independence measure for children (Wee-FIM), composed of 3 subscales rating self-care, mobility and cognitive abilities, could be proposed as a comprehensive measure of children and youth functional status in the short- and long-term (88, 90). Nevertheless, the heterogeneity in study methods and neuropsychological measures, as well as differences between center standards of care limit collection and comparison of outcome data post-pTBI (25, 89).

Predictive models, such as Pediatric Index of Mortality (PIM) and Pediatric Logistic Organ Dysfunction (PELOD), are commonly used to discriminate mortality risk in PICU, but their performance in terms of calibration and discrimination has never been assessed in pTBI (91).

Other tools to aid in outcome prediction in pTBI are emerging, including the use of serum biomarkers of brain injury. Early studies suggested potential capability of serum biomarkers such as neuron specific enolase (NSE), glial fibrillary acidic protein (GFAP), S100B, and Ubiquitin C-terminal hydrolase-L1 (UCH-L1), including studies in pTBI showing their ability to differentiate accidental from AHT and brain injury from asphyxia (92). These biomarkers have potential also as diagnostic tools particularly in mild TBI and to monitor response to therapy. Recently, GFAP and UCH-L1 were FDA approved in the United States for use as diagnostic adjuncts in mild TBI (93). Additional discussion of this emerging area is beyond the scope of this review (94).



Prognosticating in pTBI Using Comparative Effectiveness Research to Identify Best Practices and Improve the Quality of Care in pTBI

CER has special potential in the field of TBI. While randomized controlled trials (RCTs) have currently failed because of marked heterogeneity in patients, injury-specifics, and background care, CER takes advantage of heterogeneity in care to generate evidence in TBI, by analyzing current guideline adherence, treatment variation and therapies associated with the best outcomes (25). The concept of a CER study using a large-scale observational design, as implemented in the InTBIR (International Initiative for Traumatic Brain Injury Research), has resulted in a rising number of linked collaborative projects.

The CREACTIVE study (Collaborative ResEarch on ACute TBI in intensiVe care medicine in Europe) is a large network of ICUs across seven European countries and has enrolled >7,000 TBI patients of which 795 are children. It aims to better describe the epidemiology of moderate–severe TBI, build a prognostic model based on short- and long-term outcome measures, identify the most effective clinical interventions to optimally treat TBI patients, and recognize the determinants of optimal vs. suboptimal performance (https://cordis.europa.eu/project/id/602714/it; http://creactive.marionegri.it/).

The ADAPT trial is a CER study of children with severe TBI, enrolling 1,000 children from over 51 centers and has as an inclusion criterion the placement of an ICP monitor. It is aimed to assess the effectiveness of treatments on relevant outcomes across severe pTBI to ultimately improve healthcare (8) and to address questions that have eluded examination via RCTs. It is also an important demonstration that part of the value of a guideline is rooted in both the evidence-based recommendations and in highlighting what cannot be said due to lack of evidence.



Patient and Family-Centered Care in pTBI

There is a mounting need to design models of care aimed at implementing family-centered care (FCC) to support better outcomes in critically ill children and their families (94). Parents experience a switch in their role from being the person responsible for the safety and care of their child to being completely reliant on the PICU medical team. This is coupled with countless other stressors, including witnessing the pain, fear and often shocking physical changes in their child and facing many difficult decisions (94). A key element of care delivery models in pediatric settings is recognition of the importance of parent/caregiver participation. Prior studies have linked patient and family-centered care (PFCC) to improve patient clinical outcomes, family and staff satisfaction and reported positive changes, such as reduced parental-reported anxiety and improved communication between parents/caregivers and health professionals (94).

PFCC encompasses four core concepts: respect and dignity, information sharing, participation in care and decision-making and collaboration between patients, family and healthcare system (95, 96). An integrated and multidisciplinary approach has been applied to make the family experience as much positive as possible. Effective communication and participation in decision-making empower parents with knowledge and skills to be an active part of the care provision, improve policy, and reduce distress, distrust, risk of judicial litigation and healthcare resources. Finally, family members should be actively included as collaborators in rehabilitation and reintegration to home, school, work and community life.



Rehabilitation Programs and New Concept

Advances in the acute management of TBI reduce mortality while increasing rehabilitation needs in the survivors. However, summarizing the rehabilitation literature for outcomes after pTBI is challenging due to various methodological limitations, disparities in access to rehabilitation, limited awareness of deficits and the lack of services in the local setting (97), even if an intensive rehabilitation is required (Figure 2).

The optimal time to begin rehabilitation and the early mobilization of the critically ill pTBI patient is an important issue (98, 99). The feasibility, efficacy, safety and financial benefits of a pediatric Early Mobility (EM) Program in the PICU have been reported. The time from PICU admission to mobilization can be decreased from 20 to 14 h with 84% of patients being mobilized within the “allotted” time frame (i.e., 18 h for non-mechanically ventilated and 48 h for mechanically ventilated patients). TBI can lead to a wide range of functional impairments. Each TBI child would need an assessment to define rehabilitation priorities. To this respect, individual's program must be designed to address TBI-related rehabilitation needs. When assessing the impact of rehabilitation, one should follow the neurological evolution of the patient and the long-term behavioral recovery. A motor recovery may not be accompanied by a comparable recovery in terms of preserved HRQoL, satisfactory social integration and return to daily living. These observations highlight the clinical relevance of prolonging neuropsychological and motor rehabilitation for years after TBI and monitoring long-term results, especially in those children at higher risk of neuropsychological disabilities (100, 101).

TBI can lead to a broad spectrum of functional impairments. Anticipating the long-term outcome trajectory aids the experienced clinician in establishing priorities and optimizing the approach to tailoring the rehabilitation needs to the patient. Different methodologies may be required, and when appropriately applied, provide synergy. For example, this occurs for the functional recovery of the hemiplegic hand where traditional, innovative and robotic methods can be used (102). After intensive rehabilitation, the child must be followed in order to be helped in the developmental stages. This can happen with outpatient rehabilitation or with more innovative tele-rehabilitation courses.

Family advisors can be included in the multidisciplinary team to both assess family knowledge on EM/ rehabilitation benefits and incorporate family perspective and feedback, thus enhancing PFCC (103). Research on early (ICU-based) rehabilitation for pediatric neurocritical care patients appears to be feasible; effectiveness trials are needed to determine impact on outcomes (104).



Organizational Models to Improve Outcomes

Infrastructure, processes of care and outcome measurements are the cornerstone of quality care for pediatric trauma, with the organization of critical care services being another relevant determinant of quality. At the core of the organization of trauma care is the level I trauma center, which is mostly located at referral centers in major urban environments. A concentration of resources in level I and II trauma centers along with a marked regionalization of care provision may reduce pTBI mortality. Nevertheless, substantial variations in both provision of care and short- and long-term outcome exist between centers and tackling these differences holds great promise to improve TBI management across the continuum of care. Quality indicators by phase of care have been identified in pre-hospital care, in-hospital and post-hospital care as well as family/care-taker burden (105) and based on these, we propose the desired conditions and the most common areas for improvement to ensure that injured children receive appropriate emergency care (Table 2). This information may inform educational interventions, as well as promote research program development. A highly collaborative and mutually respectful team is required throughout the continuum of care, to provide cohesive and efficient treatment and maximize all facets of outcome. Establishing such a collaborative approach also facilitates research opportunities and productivity.


Table 2. Organizational models for pediatric trauma centers: desirable conditions and most common areas of improvement.
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Summary of gaps and actionable recommendations

• Given the underestimated link between intracranial injuries and the development of chronic neurodegenerative diseases (i.e., chronic traumatic encephalopathy, memory loss), the long-term burden of TBI in children is likely underestimated

• Prognosticating after pTBI is challenging due to heterogeneity in patient- or injury-related factors, outcome measures and research methodology

• CER may inform prognostic model development in pTBI, current guidelines adherence, treatment variation and therapies associated with the best outcomes (useful also in LMICs)

• Identification of reliable and predictive scores to monitor both the historical outcome (i.e., mortality) and functional (assessed by GOSE-P score) and cognitive domains is key to assess pTBI long-term outcomes

• Trajectories of chronic outcomes can be influenced positively by providing young patients with cognitive and behavioral support while training parents with supportive intervention strategies (useful also in LMICs)

• The assessment of rehabilitation outcomes post-TBI is challenging on a global scale due to various methodological limitations, disparities in access to rehabilitation, limited awareness of deficits, and the lack of services in the local setting

• Pediatric patients with TBI should be assessed to define rehabilitation priorities. In addition, each individual's program should be designed to address TBI-related rehabilitation needs. When assessing the impact of rehabilitation, one should follow the neurological evolution of the patient and the long-term behavioral recovery (useful also in LMICs)

• The development of an intensive care unit that implements a family-centered care is emerging as an area of improvement in the analysis of organizational models (applicable also in limited resource settings).




EDUCATION AND RESEARCH PRIORITIES TO OPTIMIZE PTBI MANAGEMENT

The impressive rising burden of pTBI, with at least 20% of PICU admissions requiring the involvement of a neuro-critical care (NCC) service (106), demands for a greater number of pediatric neurosurgeons and intensivists than are currently available (neurosurgeon/patient ratio: 1:80,000 in HICs and 1:10,000,000 in LMICs) (107). There is a need to expand the current neurosurgical workforce by enrolling and effectively training the young generation of physicians and allied personnel to support this field from the neurosurgical, NCC and rehabilitative perspective, along with other key participants such as neuroradiology, electrophysiology, child neurology, nursing, respiratory therapy, and others (108, 109). Furthermore, care gaps and inconsistencies raise concern about inadequacies in TBI training for physicians and the need to improve education is consistently raised world-wide (Table 2).

Improved knowledge of the unique features of pTBI, such as type of injury, associated second insults (i.e., hypoxemia, hypotension, coagulopathy), age-related insults (i.e., AHT) high prevalence of subclinical and clinical seizure activity, type of skull fractures, and other factors, should comprise the core of future educational efforts (110). For example, children display a reduced cardiac reserve which may impact the approach to stabilization in the ED or during surgery.

Although progress has been made in understanding different aspects of the pathophysiology of pTBI, this has produced only incremental advances, and the number of RCTs of new therapies has been limited (111). Current neurosurgical therapeutic options are limited to relieving pressure (by evacuating hematomas, removing bone or draining CSF) and supporting the patient with NCC. The failure to translate therapies to clinical success in TBI may have stemmed from the marked heterogeneity of TBI pathology and patient characteristics, the adoption of the “one-size-fits-all” approach (that does not acknowledge all the features underlying the TBI natural history) and the lack of stratification of treatment based on endophenotype or CT scan. This has been true for both pediatric and adult TBI, and across the spectrum of injury severity. Finally, current clinical evidence from adult TBI studies provides limited additional guidance.

New approaches are urgently needed to successfully translate therapies and novel diagnostics (such as serum biomarkers) from the pre-clinical arena to therapeutic successes in clinical trials in the field of pTBI. Precision medicine-driven approaches along with novel TBI classification beyond GCS and anatomical phenotyping may all stand as promising avenues for future studies. The experience of the ADAPT trial and its upcoming findings point to CER and adaptive trial design as bona-fide research strategies to guide optimal therapy selection within the complex scenario of pTBI.

Summary of gaps and actionable recommendations

• Limited neurosurgical workforce and inconsistencies and gaps in TBI training exist at the global level (useful also in LMICs)

• The progress that has been made in understanding the pathophysiology of pTBI has not translated into clinical practice

• Precision medicine-driven approaches along with novel TBI classification beyond GCS and anatomical phenotyping may all represent promising avenues for future studies (useful also in LMCIs)

• Common methods and descriptors for collaborative research are urgently needed to address the paucity of pediatric trials and limited extrapolation of adult data to pediatrics (useful also in LMICs).



PEDIATRIC TRAUMA CARE DURING COVID-19 OUTBREAK

The current worldwide COVID-19 pandemic threatens to affect the ability to care for critically injured pediatric patients. As of today, neonates and children seem to be relatively spared of severe symptoms of COVID-19, even though the reasons for such a phenomenon still remain unclear (112, 113). Nevertheless, in many countries we have witnessed a genuine humanitarian crisis (114). In such a dramatic situation, children and their families—especially the most vulnerable and fragile—quickly become the “hidden victims” of this crisis because limiting their care stands as a huge COVID-19 collateral effect (115). Thus, it is extremely important (116), to prioritize all the primary healthcare interventions. A major goal is to preserve pediatric trauma care without increasing the virus spreading. To this end, trauma and emergency general surgeons, as well as highly-specialized physicians should all be protected by appropriate personal protective equipment (PPE) because their contagion or death may result in the inability to address trauma emergencies during and after the outbreak (117). Patients who are not tested or test negative for acute infection should be assumed potentially infected with SARS-CoV-2 and thus potential vectors (118). Until the value of the serology test is established, one should consider any body fluid as virtually infectious and further adopt universal operating room respiratory precaution (118). During surgery and invasive procedures, such as intubation, it would be advisable to minimize the presence of staff in the room, strictly apply good hand hygiene and using full PPE (118). According to the principle of caution, patient flow and PFCC should be appropriately revised. Last, but not least, interventions aimed at providing health professionals and families with psychological support should all be prioritized (119). During the pandemic lock-down period, tele-rehabilitation has become the only means of access for many patients adhering to rehabilitation programs (120) and many rehabilitation centers were equipped to best address the challenges of families with disabled children (121), despite the fact that the evidence in the pediatric field is limited (122) Overall, there are several clinical experiences and methods, ranging from video calls to treatments. These take advantage of programs developed to be executed via teleconference and implement tools specifically designed for telerehabilitation (123). This health emergency must push us to evaluate the true effectiveness of these tools. Telemedicine capabilities are likely to be embedded within normal operations, scalable, interoperable and built on a strong, reliable infrastructure, so that they may serve as effective approaches even after the acute COVID-19 crisis resolution (124).



DISCUSSION

Named the “silent epidemic,” TBI contributes to worldwide neurological disability more than any other traumatic event and its burden appears disproportionate in LMICs compared with HICs, thus highlighting the need of both developing context-specific clinical practice guidelines and building global research collaborations to bridge the existing gaps in knowledge on all aspects of the provision of care. Despite the magnitude of its burden, high-quality data are limited to inform policies for prevention and appropriate allocation of healthcare resources. The large number of children with mild TBI suggests that preventative strategies to reduce incidence of mild injuries could have a major clinical impact while being highly cost-saving. In contrast, for severe pTBI, allocating more resources to improve access to care and support clinical trials both to define the best current therapy, and develop new diagnostics and therapies would be optimal. In this context, substantial gains could also be made from the provision of adequate pre-hospital care, appropriate referral and continuity along the care chain.

Appropriate triage impacts both short- and long-term outcomes after pTBI with survival improved with care delivered at pediatric trauma centers, vs. adult or adult trauma centers with pediatric qualifications, despite no apparent significant differences in ISS (125). Accordingly, children should be triaged preferentially to pediatric-capable trauma centers.

Critical gaps in knowledge of pathophysiological differences between children and adults concerning TBI outcomes, the paucity of pediatric trials and the uncertain extrapolation of adult data to pediatrics demand collaborative research. Better, simple, easy to distribute and analyzed, practical and universal for as many countries and communities—are of great need in order to have the ability to benchmark and compare different medical treatments and rehabilitation approaches and their effect on outcome. As prognostic models for pTBI remain in their infancy, greater emphasis should be placed on identifying reliable and predictive scores to monitor both the historical outcome, that is, mortality and functional (assessed by GOS-E-Peds score) and cognitive outcome.

Finally, to improve pTBI care worldwide, it is crucial that solutions in LMICs should be tailored to local needs and resource availability, rather than replicating strategies in HICs. Recent studies have begun to provide clues on research goals and targets in this regard (21). Furthermore, consensus-based best practices and research goals should be achieved by including LMICs neurosurgeons, pediatric intensivists, pediatric emergency medicine physicians, rehabilitation specialists, and all participants of the continuum of care.
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Build an MRI suite in or near to the PICU and or enhance transport safety for
current MRl locations

Expand use of NIRS outside of the cardiac ICU

Begin to implement and study the routine assessment of PRx

Expand training programs in pediatric neurocritical care

Increase resources for the caring parent
Expand the space at the bedside

Develop a programmatic assessment of the qualty of life and post-traumatic
stress disorder in parents

Include psychologist involvement in the PICU

Develop outreach for social services and support to families who lost their loved
one at adult facilities before transport to the pediatric center

Include a dedicated pediatric rehabilitation specialist in hospital

Develop on-site rehabiltation and structures that bridge in-hospital rehabiltation
to outpatient rehabiltation

Increase time available for rehabilitation in-house bed (weeks to months)

Serially evaluate for unmet needs

Coordinate with primary care physician and school

AHT, abusive head trauma; CPR, cerebral periusion pressure; CSF, cerebrospinel fluid; CT, computed tomography; EVD, extemal ventricular drain; HB, hemoglobin; HEMS, heficopter
emergency medical services; ICR intrecranial pressure; ICU, intensive care unit; LMICs, low-middle income counties; MR], magnetic resonance imaging; MRS, magnetic resonance
spectroscopy; NIRS, near infrared spectroscopy; PbrOg, brain tissue oxygen tension; PFCC, patient family-centered care; PICU, pedatric intensive care unit; PRx, pressure reactivity
index; TBI, traumatic brain injury.
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