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Impact
1. Detailed review of the current knowledge on neurological and neurodevelopmental effects of SARS-CoV-2 and MIS-C on the paediatric population.
2. Emphasise the importance of acknowledging the potential direct effects of SARS-CoV-2 and MIS-C on neurological and neurodevelopmental outcomes. 
3. Highlight the need for further research and inclusion of paediatric patients in follow up studies of long-term effects of SARS-CoV-2 and MIS-C focusing on neurodevelopmental and neurological sequelae.

















Abstract 
Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) has been shown to cause a unique disease phenotype in the paediatric population compared to adults, following the emergence of Multisystem Inflammatory Syndrome of Children (MIS-C) and Paediatric Inflammatory Multisystem Syndrome Temporally Associated with SARS-CoV-2 (PIMS-TS).  Over the course of the pandemic, neurological symptoms associated with SARS-CoV-2 have been reported in the paediatric population. The neurological and neurodevelopmental sequelae of both acute SARS-CoV-2 infection and MIS-C/PIMS-TS in the paediatric population are not well understood. Little is known about the underlying pathophysiology and the potential neurovirulence of SARS-CoV-2. Further awareness and research are needed on the neurological sequelae and long-term consequences of SARS-CoV-2 on the developing brain. 














Introduction 
The paediatric population (<18 years) accounts for approximately 17% of total case numbers of SARS-CoV-2 infections in the United States, with significantly lower morbidity and mortality related to Corona Virus Disease of 2019 (Covid-19) when compared to the adult population.1 This figure may not truly reflect the incidence of Covid-19 amongst the paediatric population given the absence of widespread testing and the relative mild symptoms.2 In comparison with adults, the paediatric population seems to have similar incidence rates of SARS-CoV-2 but frequently have less severe or even no symptoms;2 only a small percentage (1%) of children develop severe or life threatening disease.3 Paediatric patients with underlying medical conditions understandably are at a higher risk for severe disease compared to their counterparts. Hospitalisation rates among children are significantly less than those of adults and similar to influenza hospitalisation rates amongst the paediatric population pre-Covid-19 pandemic.4 Of those children hospitalised, approximately 1/3 will require paediatric intensive care (PICU) during their stay.2 
Over time however, it emerged that some children developed a unique post infectious response to Covid-19.5 Multisystem Inflammatory Disease in Children (MIS-C) or Paediatric Inflammatory Multisystem Syndrome temporally associated with SARS-CoV-2 (PIMS-TS) emerged during the Covid-19 pandemic and is related to immune dysregulation following exposure to SARS-CoV-2.5,6 MIS-C commonly presents with fever, multiorgan involvement and increased inflammatory markers.7-10 MIS-C was first described in April 2020 in children following infection with SARS-CoV-2.5 The inflammatory syndrome was noted to occur two to six weeks following SARS-CoV-2 infection and was seen in both children who had either symptomatic or asymptomatic SARS-CoV-2 infections.5 In contrast to acute SARS-CoV-2 infection in children with relatively mild symptoms, MIS-C or PIMS-TS is a serious post-infectious inflammatory condition with multiorgan involvement.  As many as 80% of children diagnosed with MIS-C or PIMS-TS will require Paediatric Intensive Care Unit (PICU) admissions.11 Despite high PICU admission rates, mortality associated with PIMS-TS or MIS-C remains low at less than 2%, though a small subset of paediatric patients may require Extracorporeal Mechanical Oxygenation (ECMO) treatment.12
	As the pandemic evolved, neurological symptoms in both adults and children secondary to Covid-19 became apparent. Neurological sequelae as a direct effect of  SARS-CoV-2 infection or MIS-C have been described in the literature ranging from mild symptoms such as anosmia, ageusia, headaches, and myalgia to severe life threatening complications such as acute thromboembolic events and encephalomyelitis.13-15 Neurodevelopmental sequelae of Covid-19 and MIS-C are an important area of future research, but it may be difficult to tease apart the neurodevelopmental long-term effects of the virus itself and secondary effects of the pandemic on the child’s development. The potential indirect effects on paediatric neurodevelopment as a result of the Covid-19 pandemic has been previously discussed, highlighting the need for awareness and further monitoring of age-specific effects such as mental health issues in adolescents to language or social delay in younger paediatric populations.16  Further studies following these cohorts of children are needed to establish what the long term neurodevelopmental sequelae of Covid-19 and MIS-C are, and its effects on the developing brain. Given that SARS-CoV-2 may have neurovirulent properties17, further research in the form of an international, coordinated prospective cohort study is needed. Neurotropic and neuroinvasive properties of SARS-CoV-2 have been hypothesised.17 Figure one outlines briefly the neurological effects of Covid-19 and MIS-C and highlights the potential for neurodevelopmental sequelae following Covid-19 infection. While additional long term studies are needed to establish the effects of SARS-CoV-2 infection on the developing brain, this review aims to summarise what we have learned from the Covid-19 pandemic to date and effects on paediatric neurology.
Definitions of  MIS-C/PIMS-TS and MIS-N
Several overlapping definitions of MIS-C and PIMS-TS exist, which differ slightly in their diagnostic criteria but in general include children with persistent fever, involvement of at least two organ systems, laboratory evidence of inflammation, and confirmation of current or recent SARS-CoV-2 infection. The definitions from The Centers for Disease Control and Prevention (CDC), World Health Organisation (WHO) and Royal College of Paediatrics and Child Health (RCPCH) are some examples. 9,10,18 An additional proposed definition combining the criteria from these organizations also includes immunisation among children resulting in positive serology.19 Emerging evidence suggests that MIS-C is less common among vaccinated children.20 Although the median age of MIS-C presentation is 9 years, there are a wide variety of ages included in these definitions. The presentation and clinical phenotype of MIS-C amongst age-groups varies widely and makes definition difficult. 
Although less common, acute Covid-19 infection and MIS-C have been reported in the neonatal population.6,21 Molloy et al have proposed potential mechanisms and definitions for both MIS-C and MIS-N.19 MIS-N has been described in the literature but there is no standard consensus definition.  Molloy et al recommend using the term MIS-N to describe this inflammatory illness in the neonate involving ≥2 organ systems and meeting criteria for MIS-C alongside a maternal history of SARS-CoV-2 infection during pregnancy.19 In contrast to MIS-C, fever is not considered a diagnostic criterion in MIS-N. It is also possible for neonates to develop MIS-C following early or late neonatal infection with SARS-CoV-2 following delivery from an infected mother or from an infected family members. A unified definition for MIS-C and MIS-N  would allow for international comparisons of research to optimise treatment and management.

Acute Covid-19: Spectrum and severity of neurological complications including neuroimaging
SARS-CoV-2, as well as other coronaviruses, have demonstrated that they are capable of causing neurological sequelae, and have been detected in patients presenting with acute flaccid paralysis, acute disseminated encephalomyelitis (ADEM), encephalitis, seizures and peripheral nerve palsies.22 This is separate from the neurovascular complications, such as stroke, that have been broadly seen with acute SARS-CoV-2 infection since the start of the COVID-19 pandemic. In children with SARS-CoV-2 or MIS-C, direct brain injury may occur following these neurological complications such as meningoencephalitis, cerebral infarction, oedema, intracerebral haemorrhage, and cerebral sinovenous thrombosis which can all have significant effects on subsequent neurodevelopment.23
The prevalence of neurological complications in children admitted to hospital with SARS-CoV-2  acute infection has been reported to be as high as 40% with 18% suffering from severe neurological complications or manifestations.24,25 There is considerable variability in the reported rates of neurological manifestations amongst studies. 26 A recent systematic review of papers including case studies and cross sectional studies from the Covid-19 pandemic shows up to 12.8% of hospitalised children with covid-19 have some sort of neurocognitive impairment, 27 this study included MIS-C as a neurological complication which was the most common at 24.2% of all neurological complications. Neuroinflammation (10.1%) and encephalopathy (8.1%) being the next most prevalent amongst those with neurocognitive involvement.27 Kwan et al.27 classified ADEM, encephalitis, myelitis, meningism, meningitis, and meningoencephalitis as neuroinflammation but did not specify the types of encephalopathies found. Infection associated acute encephalopathies or infection triggered encephalopathy syndromes (ITES) can occur with viruses such as Covid-19. These encephalopathies can be classified by their neuroradiological findings.28 Kasai et al.29 performed an epidemiological study looking at Japanese children who developed encephalopathy related to covid-19 infection and found that amongst 103 cases, 14 (13.6%) had encephalopathy with acute fulminant cerebral oedema (AFCE) and haemorrhagic shock and encephalopathy syndrome (HSES, both severe syndromes causing significant neurological disabilities and/or death. SARS-CoV-2 associated encephalopathies appeared to have higher rates of these kind of encephalopathies when compared to non-SARS-CoV-2 encephalopathies.29 There have also been reported cases of acute necrotizing encephalopathy (ANE) in the paediatric population.29,30 One recent multicentre cross sectional study of 1493 children showed in both acute SARS-CoV-2 infection and MIS-C, neurological manifestations were common (40 and 66% respectively).24 The most common neurological finding in both was headaches, followed by acute encephalopathy. It appears children are less likely to have neurological complications with acute SARS-CoV-2 infection than MIS-C.24 Unsurprisingly those at risk of severe covid are children with co-morbidities and underlying conditions.4,25 Paediatric patients admitted to hospital who have suffered from severe neurological complications of acute SARS-CoV-2 or indeed MIS-C have been shown to be more likely to have neurocognitive morbidity at discharge than those without.25
Although the spectrum of neurological complications are wide and variable; it is clear neurological complications are becoming increasingly recognised and readily diagnosed amongst adults and children with Covid-19. These symptoms range from  minor headaches, anosmia and dizziness to meningitis, encephalitis and cerebrovascular insults.24
A multinational research collaborative was established to collate and describe these neurological manifestations of SARS-CoV-2 and outcomes associated in adults and children.31 This consortium entitled “The Global Consortium Study of Neurological Dysfunction in COVID-19 (GCS-NeuroCOVID)” covers 96 paediatric sites across all continents, and data collection is ongoing. Interestingly this study is structured in three tiers to better understand the neurological complications of SARS-CoV-2; Tier 1 is a prospective observational registry, Tier 2 is a prospective outcome study and tier 3 is an experimental translational study. 
Given the broad range of neurological complications, various neuroimaging studies have been done to further understand these symptoms. Despite this there is still a paucity of information regarding neuroimaging in the paediatric population with MIS-C and acute Covid-19 infection, with much of our knowledge coming from case reports and case series. From this level of evidence it is difficult to predict the prevalence or potential patterns of these abnormal neuroradiological findings in the paediatric population. Interesting patterns are emerging in some case studies; for instance, in those with MIS-C, abnormalities in the splenium of the corpus callosum are common.32-34 In adults neurological involvement and abnormal neuroimaging findings have been described, with complex and heterogeneous presentations.35

Looking to adult neuroimaging, the most common finding of adults who underwent MRI brain during acute Covid-19 infection were acute and subacute infarcts.36,37 This is in contrast to paediatric patients where the most common MRI brain finding was an acute disseminated encephalomyelitis (ADEM) type picture.27,33,34,38,39 Adult neuroimaging shows significant heterogeneity, with findings varying from thrombo-ischaemic to inflammatory changes.37 Interestingly adults diagnosed with Covid-19 encephalopathy had normal MRI brains in up to 46% in the acute phase of the illness.40 These differences amongst children and adults in their neuroimaging findings, may in part be due to their overall differences in immune function similar to how there is a disparity between the rate of serious disease related to covid-19 in these two cohorts.41
A recent study evaluated cases in aggregate to better understand the neuroimaging abnormalities seen in the paediatric population during Covid-19 and MIS-C.32 The American Society of Pediatric Neuroradiology initiated an international call for cases of children with encephalopathy related to SARS-CoV-2 and abnormal neuroimaging; in doing so a multicentre collaborative called the Pediatric Covid Brain Imaging Group was created (PECOBIG).32 In this study imaging review consisted of a panel of paediatric neuroradiologists with a consensus opinion formed on all findings externally submitted. This study showed neuroimaging manifestations in the paediatric population varied from mild findings to potentially fatal with the study population having no pre-existing conditions. The most common finding in 74% (n=28) of these children was neuroimaging consistent with immune mediated para-infectious patterns of disease in both the brain and spine. In children with clinical diagnoses of MIS-C splenial lesions in the corpus callosum were seen along with myositis of the face and neck muscles. Lindan et al.32 highlighted that in all clinical categories (acute covid, asymptomatic/subacute Covid-19, MIS-C, and indeterminate) ADEM-like changes were present in the majority. Myelitis was seen in isolation and in combination with abnormal brain imaging in 21% (n=8), neuritis was present in 32% (n=12). In this study outcomes were favourable overall but no long term outcomes are available. Those with poor outcomes included two children left with permanent neurological sequelae secondary to acute necrotising myelitis and anti-NMDAR autoimmune encephalitis. A small subset (n=4) suffered from Covid-19 and evidence of other co-infections including two with complications related to invasive CNS tuberculosis. All children with co-infections died. One of whom showed choroid plexitis and subsequent CNS tuberculosis with ventriculitis, hydrocephalus and focal cerebral abscesses.  Similar studies have shown cases of co-infection with CNS tuberculosis in patients with acute Covid-19.42 This highlights the possible ability of SARS-CoV-2 to interact with the host's own immune response to infection and possibly create vulnerability to other CNS infections. 
Further studies are needed to correlate long term neurodevelopmental outcomes with abnormal neuroimaging in these children with MIS-C and Covid-19. Children with life-threatening conditions associated with Covid-19 and MIS-C have significantly abnormal neuroimaging and require follow up given the high incidence of lasting neurological sequelae in this cohort.38,39 Equally neurological follow up should be considered to those who have suffered milder neurological symptoms with abnormal/normal neuroimaging. 
Children who require neuroimaging usually represent a paediatric population acutely unwell requiring hospitalisation with MIS-C or Covid-19 infection. We may not be capturing the full extent of neuroradiology findings in children with MIS-C or Covid-19, as some children with MIS-C may not have neurological symptoms to warrant neuroimaging. In addition, children with non-specific neurological symptoms associated with Covid-19 or MIS-C such as headaches, weakness, fatigue or anosmia/ageusia may not meet criteria for admission, let alone neuroimaging. 














MIS-C: Spectrum and severity of neurological complications
In a study of 1,695 children hospitalized for COVID-19 illness or MIS-C, 365 (22%) had some type of neurologic involvement associated with their illness. MIS-C was seen in about one third of patients and this did not differ between those with and without neurological involvement.38 In a study from the United Kingdom of 75 children with PIMS-TS, nine (12%) children had neurological involvement with a change in behaviour, consciousness, headaches, hallucinations, excessive sleepiness, seizures, and focal neurological deficits.43 Of the nine children who had neurological involvement, one child died secondary to extensive brain infarction and another was transferred for further management of an intraparenchymal haemorrhage. Four of the remaining 7 children (57%) recovered neurologically by the three month follow-up, while three children had persistent mood, behaviour, or memory difficulties.43 Longer term follow-up of larger numbers of children with both MIS-C and neurological features at diagnosis are needed to understand how early neurologic illness associated with MIS-C may impact neurodevelopmental and neurobehavioral outcomes.  Given that a child’s neurodevelopment occurs over a protracted time period and that the first observations of MIS-C were only a few years ago, there has not been much research specifically addressing neurodevelopmental sequelae of MIS-C.
While most children with MIS-C do not have an associated direct brain injury, they do have significant exposure to systemic inflammation which can affect the developing brain.44 In a prospective observational MIS-C cohort study, inflammatory cytokines including interleukin 2 (IL-2), interleukin 10 (IL-10), and interleukin 6 (IL-6) were higher in children hospitalized with MIS-C compared to control children that were determined not to have MIS-C after admission.45 Similarly, in a study of 512 patients from four children’s hospitals in the United States with MIS-C, Covid-19, Kawasaki disease, or toxic shock syndrome, children with MIS-C had the highest inflammatory markers.46 The age at a child’s diagnosis of MIS-C and exposure to systemic inflammation may also be an important factor affecting neurodevelopmental outcomes, as some stages of neurodevelopment may be more vulnerable. 























Paediatric Long Covid: Spectrum and severity of neurological complications
Post-Acute Sequelae of Covid-19 (PASC), also known as Long Covid, is a heterogeneous, multisystemic condition in which patients develop a wide range of symptoms, which persist (or fluctuate with relapse) over a two-month period of time, have an impact on everyday functioning and have initially developed within three months of acute SARS-CoV-2 infection.10 Given the diverse presentation, evolving case definitions, variable study methodologies, short time frame since discovery and the predominance of the condition, either true or artefactual, in older children and adolescents/young adults as compared to young children, the information available regarding impact on neurodevelopmental and behaviour outcomes in children suffering with Long Covid is currently limited. 
Neuropsychiatric symptoms are commonly reported among children and adolescents with Long Covid and are particularly disruptive to activities of daily living and school performance/attendance.47 More than 50% of children in a 2022 German paediatric Long Covid cohort study were unable to attend full time school due to their symptoms.48 In a more recent study of college students at a single university, more than 1/3 of survey respondents reported disruption of basic daily activities, such as driving, making decisions, holding a conversation or even thinking, secondary to Long Covid symptoms.49 The most commonly reported neuropsychiatric symptoms in children with Long Covid are fatigue (which may be multifactorial), headache, cognitive dysfunction (“brain fog”), new or worsening anxiety or depression, and sleep disorders.10,50-52 Specifically in the area of cognitive dysfunction, children with Long Covid demonstrate impaired performance primarily in domains of attention and concentration,53 and, to a lesser degree than observed in adults, memory. 
 	There is reason to speculate that Long Covid may impact the neurodevelopment of paediatric patients. In studies of children with Long Covid, compared to uninfected controls, there is radiologic evidence of hypometabolism in the bilateral medial lobes, which includes the amygdala, uncus and parahippocampal gyrus, the pons and the cerebellum on both FDG PET brain scans and functional MRI.54 There are findings of decreased connectivity of these same areas of the brain on functional MRI of adult patients with Long Covid.55 Proposed mechanisms for the development of neuropsychiatric symptoms after Covid-19 include neuronal damage secondary to microglial activation following neuroinflammatory process, microvascular thrombosis leading to endovascular dysfunction and blood-brain barrier disruption, autoimmunity, direct neuronal invasion, reactivation of latent herpesviruses and oxidative stress following hypoxia and metabolic disturbances from other Covid-19 associated end organ dysfunction.56
Many clinicians have drawn parallels between the neurocognitive symptoms of Long Covid and post-concussion syndromes based on the persistence of systemic and neurocognitive symptoms and rehabilitative management strategies primarily used for both conditions.57 Both have physical symptoms and neurological pathophysiology resulting in impacts on cognition. We know that children who have sustained a traumatic brain injury or concussion are at increased long-term risk of deficits in motor, visual and language domains58 and for development of ADHD, mood and anxiety disorders and dementia.59 We should be  similarly concerned about the risk of long term cognitive and behavioural deficits in young children with Long Covid and longitudinal study of this population is needed. There is some room for optimism regarding prognosis of Long Covid, as at least one large electronic health records study found that risk of cognitive deficits in children following SARS-CoV-2 infection peaked within three months of initial diagnosis, and waned over time, approaching the background rate by 18 months.60 A longitudinal cohort study of Italian children in a Covid-19 follow-up clinic demonstrated a similar slow but steady positive trajectory in overall Long Covid symptoms: 23% of patients overall met diagnostic criteria for Long Covid at 3 months,  but by 18 months post-infection, all but 5% of patients had resolution of their symptoms.61 Unfortunately, the small percentage of patients that continued to have symptoms after 12 months were unlikely to experience any additional improvement and may continue to have symptoms years later.  Given the rapid neurological, behavioural, social and academic development that occurs during childhood, even a few months of disabling symptoms can cause significant downstream delays or disruptions in the life of a child or young adult. As such, identification, understanding and appropriate management of these symptoms and potential disruptions is crucial. 



















SARS-CoV-2 during Pregnancy and effects on infant neurodevelopment
New-born infants can be, and were, affected by SARS-CoV-2 in multiple ways: through perinatal or postnatal SARS-CoV-2 infection, through MIS-N, or indirectly following maternal SARS-CoV-2 infection (for example leading to preterm birth).62
Viral illness during pregnancy, in the absence of vertical transmission to the foetus, has been associated with neurodevelopmental delay,63 lower educational attainment,64 autism,65 schizophrenia66 and other neuropsychiatric sequelae. It is known that during foetal brain development, the brain may be especially vulnerable to the effects of systemic inflammation. Maternal immune activation (MIA) from infection and inflammation with exposure of the foetal brain to inflammatory cytokines, may increase the risk for neurodevelopmental, neuropsychiatric, and neurobehavioral disorders in the offspring including anxiety, attention deficit hyperactivity disorder, behavioural problems, autism spectrum disorder, and schizophrenia.67 MIA is a process whereby activation of maternal inflammatory pathways results in increased cytokines and chemokines that ultimately cross the placenta and alter offspring neurodevelopment by crossing the foetal blood-brain barrier. Viral infection is the most common environmental cause of triggering this response.66 MIA has been shown to confer neurodevelopmental risk in both humans and animal models.68-70
Accumulating worldwide data on the neurodevelopment of infants born to SARS-CoV-2 infected mothers has mostly been reassuring. Several early studies used the Ages and Stages Questionnaire (ASQ), a validated standardized neurodevelopmental screening tool based on parental report that is widely used in both research and clinical practice to assess infants in five domains: communication, gross motor, fine motor, problem solving, and personal-social skills. Using the ASQ administered at 6-12 months, little to no neurodevelopmental issues have been reported in cohorts from the USA,71 China,72,73 and Kuwait74 when comparing infants with in utero exposure to maternal SARS-CoV-2 infection to unexposed infants. However meta-analysis of follow up to 12 months suggests a slight increased risk of fine motor impairment.75 Additionally, in two studies using small sample sizes, in utero exposed infants were reported to have slightly less cuddliness on the Neonatal Behavioural Assessment Scale (NBAS) at six weeks of age76 and a motor repertoire suggestive of increased risk of neurological impairment at three to five months of age.77
In the largest observational report published to date on infants born during the pandemic, the COMBO Initiative78 conducted 407 full neurodevelopmental assessments via telehealth visits, including 112 infants with well characterized in utero exposures to SARS-CoV-2.79 The dataset included a highly socioeconomically, racio-ethnically, and geographically diverse group across three US states (New York, Alabama and Utah). The Developmental Assessments of Young Children, second edition (DAYC-2), was administered at 6-12 months to assess cognition, fine and gross motor function, and expressive and receptive language. The team found no evidence of neurodevelopmental decrements as a function of SARS-CoV-2 exposure status. Furthermore, neither trimester of exposure nor maternal symptom status were associated with any DAYC-2 subdomain.
Neurodevelopment can be more robustly evaluated later in childhood and data from follow-up studies performed at 2 years of age are becoming available. The SINEPOST study evaluated development at approximately 2 years in 96 term children with antenatal or neonatal exposure to SARS-CoV-2, compared to 243 matched controls from across the UK, using the ASQ and parent reported respiratory symptoms. This population-based study found that the exposed cohort did not differ from the comparison cohort on the primary outcome, total ASQ-3 score, although the exposed cohort were at greater risk of delayed social-emotional development, had a greater prevalence of respiratory symptoms and increased health care usage relative to the comparison cohort.80 Additionally, the COMBO Initiative has published the first report looking at the risk of screening positive on the autism screener Modified Checklist for Autism in Toddlers, Revised (M-CHAT-R) and found no increased risk as a function of either in utero exposure to SARS-CoV-2 or in utero exposure to the pandemic milieu in approximately 2,000 16-30 month old children assessed either clinically or for research purposes.81
It is important to note that while the data on maternal SARS-CoV-2 infection during pregnancy has been reassuring, a growing body of literature supports an association between birth during the pandemic and neurodevelopmental decrements.71,82,83 This effect is primarily thought to be mediated through worsening maternal mental health during the pandemic.84 Thus it has been suggested that the real risk of the pandemic for “the COVID-19 generation” is not the virus itself, but its effect on the world.85,86 Critically, because MIA associated adverse consequences can emerge at any point in development, the scientific and medical communities should include these children as they continue to investigate the long-term consequences on various vulnerable populations.87












Acute Covid-19 and MIS-N in the neonate- Neurodevelopment
Fortunately neonatal SARS-CoV-2 infection was rare compared with older age groups, and short-term outcomes have been reassuring for the majority of affected neonates.88-90  Due to the low numbers of infected neonates there is a paucity of data describing the neurodevelopmental outcomes following neonatal infection. A further consideration is the impact on preterm birth, which is more commonly found among infants with neonatal SARS-CoV-2 infection88 and has important neurodevelopmental implications independent of infection.91 To date, several comparative studies have reported neurodevelopmental outcomes. One which included only five neonates with SARS-CoV-2 infection (one of which was preterm) and 15 non-exposed comparator infants (one of which was preterm) found that neonatal SARS-CoV-2 infection was associated with slightly lower reflex and orientation behaviour in the neonatal period, suggestive of impaired functioning of the central nervous system, follow-up evaluation of development at nine months using the Ages and Stages Questionnaire (3rd Edition) found development within the normal range in all domains.92 Single centre studies from India93 and Turkey94, which followed up 20 and 30 children respectively, found evidence of lower psychomotor development at 18-24 months compared to matched controls94, and of mild delay across multiple domains93, at 18 and 24 months using the Bayley-II scale.   However, due to the low number of infected children in these studies, the neurodevelopmental implications of neonatal SARS-CoV-2 infection remain uncertain. Data from larger and more comprehensive cohorts, assessed at later postnatal age and accounting for preterm birth are needed.95



Immunological basis for disease- Immune dysregulation in Covid-19 and MIS-C in children
How SARS-CoV-2 affects the nervous system at a cellular level is still poorly understood. Blood brain barrier dysfunction has been reported in an infant case with Covid pneumonitis on post-mortem.96 Various hypotheses have been proposed postulating how SARS-CoV-2 can cause such neurological complications including direct viral invasion, vascular endothelial injury resulting in blood brain barrier dysfunction, immune hyperinflammation/autoimmune mechanisms, or systemic factors are at play such as critical illness effect.16,32,39,42,97
Children with acute Covid-19 or MIS-C  have altered inflammatory responses which are well-described including neutrophilia and elevated neutrophil/lymphocyte ratios (NLR) with decreased absolute lymphocyte counts. There is considerable overlap between Kawasaki’s disease and MIS-C and it has been suggested that they form part of the same inflammatory continuum. Features such as fever, coronary aneurysms, mucocutaneous and multiorgan involvement are common. Furthermore, SARS-CoV-2 proteome-wide, immuno-profiling of children with MIS-C, children with Covid-19 and healthy controls revealed differential cytokine responses, IgM/IgG/IgA epitope diversity, as well as differences in antibody binding and avidity.98 MIS-C has been classified as different from Kawasaki’s disease due to epidemiological , clinical and immunological findings. 
Isaza-Correa et al.99 studied immune responses in children with MIS-C finding a systemic dysregulated expression of cytokines in serum and changes in the lymphocyte populations. Levels of IL-6, IL-10, tumor necrosis factor-beta (TNF-β) and vascular endothelial growth factor (VEGF) were increased, and decreased interleukin-1 receptor antagonist (IL-1RA) and erythropoietin (EPO) at basal levels in children with MIS-C compared to healthy controls. In addition, children with MIS-C had a higher proportion of B cells and a lower percentage of CD3+ cells, natural killer (NK) cells and Vδ1 cells than controls.99 MIS-C therefore appears to be associated with an exaggerated innate and adaptive immune response including a cytokine storm.100 Neutrophils are crucial players in the immune response in Covid-19 and MIS-C  and associated with uncontrolled neutrophil activation, degranulation and increased neutrophil extracellular trap formation.101 The RECOVERY trial demonstrated that immunotherapy is the mainstay of therapy including intravenous immunoglobulin (IVIG) and corticosteroids, anti-IL-6 anti-TNF and anti-IL1 agents.102 Treatment with methylprednisolone in children with PIMS-TS/MIS-C did not significantly affect the length of hospital stay compared with intravenous immunoglobulins. Intravenous methylprednisolone could be an acceptable first-line treatment in children with PIMS-TS/MIS-C.102-104 There is no specific treatment for the neurodevelopmental or neurological sequelae of Covid-19 and MIS-C in children.19 Furthermore persistent and ongoing dysregulated inflammation is common in post viral syndromes and has been noted in Covid-19 and MIS-C. At present there is insufficient length of follow up to understand the timing of this dysregulation but extrapolating from other viruses such as cytomegalovirus (CMV) it could be months or years. The extensive research on Covid-19 and MIS-C are informing future research in sepsis and other infectious diseases with the development of novel therapies. 








Evaluation of gaps in literature and future research needs
Going forward there are multiple questions still unanswered with regards to SARS-CoV-2 and its effect on the paediatric population both acutely and long-term. International collaborative efforts are required to understand the pathophysiology of SARS-CoV-2 neurological manifestations and the potential for neurodevelopmental sequelae.
It is important not only to understand the underlying pathophysiology but who is at risk of severe complications of SARS-CoV-2 in the paediatric population. We need to identify risk factors, treatments and duration of follow-up to best assess complications of SARS-CoV-2 in the paediatric population. Further  collaborative work in the form of translational studies, surveillance studies and interdisciplinary studies are key in understanding the full impact of  SARS-CoV-2 infection.  
	We have yet to fully elucidate the complex interplay between this virus and the nervous system. Various collaborative studies are ongoing and doing exceptional work to understand this virus.31,80,102 Amongst these are various studies collecting clinical data on children with COVID-19/MIS-C such as the COPP study, who are exploring translational work with external collaborators.105 Studies comparing various treatments of MIS-C and COVID-19 such as the Recovery trial and RECOVER-TLC, may shed additional light on the pathophysiology of these diseases based on response to candidate therapies.102 Consortiums performing longitudinal studies, such as SINEPOST, COPP and RECOVER,  are vital to understanding the neurodevelopmental and indirect effects of Covid-19 and the pandemic.80 More specifically GCS Neurocovid Consortium study is focusing on neurological dysfunction caused by SARS-CoV-2 in both adults and children.31
Without funding, these collaborative studies cannot occur. Future research should focus on a combined and unified approach to answering questions such as; what is the effect of SARS-CoV-2 infection on the foetus, neonate, young child and adolescent?, are there long term neurodevelopmental sequelae  resulting from acute infection or MIS-C/PIMS-TS?, and how can we understand the neurological manifestations of this virus better to help patients and future potential treatments? 






















Conclusion
Neurological sequelae are associated with acute Covid-19 and MIS-C, with the potential for neurodevelopmental sequelae. Data describing early childhood outcomes are mixed, and the  long-term sequelae in children are not yet known, hence diligent follow up is essential. Neuroimaging and longer term cohort studies hold promise to ensure children are not excluded from follow up programmes which predominantly include adults. The direct and indirect effects of the Covid pandemic on neurological and neurodevelopmental outcomes may be difficult to delineate, and further research in both areas in required.  Further understanding of immune dysregulation may point to potential  therapeutic interventions in the future.
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Fig. 1. Neurological effects of Covid-19/MIS-C. 
SARS-CoV-2 infection can occur in the neonate or child and subsequent multisystem inflammatory syndrome in neonates (MIS-N) or multisystem inflammatory syndrome in children (MIS-C) can potentially develop respectively. Both involve systemic inflammation, which can affect the developing brain54. Maternal Covid-19 infection and maternal immune activation (MIA) can expose the foetal brain to inflammatory cytokines which may potentially increase the risk of neurodevelopmental outcomes21. The various mechanisms surrounding Covid-19 neurovirulence have been postulated, and it is clear that acute infection and later inflammatory responses such as MIS-C can cause neurological symptoms52,53. The neurodevelopmental effects of Covid-19 infection and MIS-C/MIS-N are yet to be fully understood, with further studies on neurodevelopmental outcomes required.  Figure created with biorender.com.
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