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Neurally mediated syncope (NMS) is the most common underlying disease of pediatric syncope, which generally includes vasovagal syncope (VVS), postural tachycardia syndrome (POTS), and situational syncope. Allergic diseases involving the respiratory system, digestive system, skin, and other systems are prevalent in children. In recent years, increasing attention has been paid to children with the comorbidity of NMS and allergic diseases. This article reviews the featured clinical manifestations and pathogenesis of the comorbidity according to the progress of related studies. Clinical studies have shown that the comorbidity rate of pediatric VVS and/or POTS with allergic diseases amounts to ~30–40%, referring to the whole population of children with VVS and/or POTS. Additionally, children with the comorbidity present some relatively special clinical characteristics. A series of mechanisms or regulatory factors relating to allergies, such as the imbalance of vasoactive elements, dysfunction of the autonomic nervous system (ANS), and autoimmunity may play a role in the development of the comorbidity. Moreover, 90% of children with cough syncope, a type of situational syncope, have a history of asthma, indicating a potential relationship between asthma and NMS. Further studies exploring the clinical characteristics and pathogenesis of the comorbidity are still needed to aid in the diagnosis and treatment of children with NMS.
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INTRODUCTION

Neurally mediated syncope (NMS), including vasovagal syncope (VVS), postural tachycardia syndrome (POTS), orthostatic hypertension (OHT), orthostatic hypotension (OH), situational syncope, and carotid sinus syndrome, is the most common underlying disease of pediatric syncope. VVS and POTS are the most common types of pediatric NMS (1, 2). In recent years, great attention has been paid to the comorbidities of pediatric NMS, such as migraine, mental illness, and chronic fatigue syndrome (3–5). Allergic diseases involving multiple systems, such as asthma (AS) and allergic rhinitis (AR) in the respiratory system and atopic dermatitis in skin, are prevalent in childhood. It is reported that 64.3% of adult AS patients also exhibited orthostatic dysregulation in Japan (6). A study in China showed that approximately 1/3 of the hospitalized children with VVS and/or POTS had a history of allergic diseases, and the percentage is as high as 42% for children with POTS alone (7). The study also indicated that allergic status might exacerbate the symptoms of pediatric NMS. Additionally, a review showed that 90% of pediatric cough syncope, which is a type of situational syncope, is related to AS (8). Although the pathogenesis of the comorbidity of pediatric NMS and allergic diseases is still unclear, several studies showed a potential role of regulatory factors (allergic inflammatory mediators, neuropeptides, and gasotransmitters), the regulation of autonomic nervous system and autoimmunity. We believe that further studies on the clinical characteristics and pathogenesis of pediatric NMS comorbid with allergic diseases might provide a new direction for the clinical diagnosis and treatment of NMS in children.



PEDIATRIC VVS AND/OR POTS COMORBID WITH ALLERGIC DISEASES


Clinical Manifestations

VVS and POTS usually occur in older children and adolescents. Recurrent syncope is the major manifestation of VVS with predisposing factors, such as prolonged standing, quick changes from a supine or a squat to an upright position, emotional stress or fear, and a humid environment. POTS is a type of chronic orthostatic intolerance with predisposing factors similar to those of VVS. In addition to syncope, children with POTS usually suffer from dizziness, palpitation, chest distress, tremble, abdominal discomfort, or fatigue with long-term standing in daily life (9). VVS and POTS can be differentiated by a distinct response in a standing test or head-up tilt test in clinical practice. In some cases, VVS and POTS can coexist in the same young patient.

Clinical studies show that allergic diseases are the common comorbidity in children with VVS and POTS. A large cross-sectional study found that 20% of POTS patients were comorbid with AS (10). The proportion of pediatric VVS and/or POTS comorbid with allergic diseases, including AR, AS, food allergy, and atopic dermatitis, is up to 30–40% (7). AR is the most common comorbidity. The clinical manifestations of the comorbidity include older onset age of children, a shorter course of disease, and significantly increased eosinophils and IgE levels. In addition, the frequency of syncopal attacks in children with VVS comorbid with allergic diseases was much higher than that in pediatric VVS without allergic comorbidity (7).

Mast cell activation disorders (MCAD) are a group of conditions in which mast cells are either increased in amount, hyperreactive, or both. A portion of MCADs are secondary to allergic diseases (11–13). Several studies (14–17) show that POTS was a common comorbidity in young female patients with MCAD. Those patients present significant orthostatic tachycardia and hypertension, flushing, headache, dizziness, and gastrointestinal discomfort. It is also found that methylhistamine, leukotriene (LT), and prostaglandin D2 concentrations are significantly increased in the patients' urine. However, reports on the comorbidity of MCAD and POTS in children are still lacking.



Pathogenesis

The differences in clinical characteristics between children with comorbidity of NMS and allergic diseases and those with NMS alone suggest that there may be certain particular mechanisms of pathogenesis in the comorbidity to be clarified. At present, it is believed that several mutual mechanisms, including the relative central hypovolemia, the dysregulation of peripheral vascular tone, and the imbalance of sympathetic and vagal functions, can all reduce the cardiac output when one stands upright and ultimately result in syncope in children with VVS and/or POTS (18, 19). Pathogenesis of allergic diseases may affect multiple aspects of orthostatic regulation to influence the features of children with the comorbidity of VVS/POTS and allergic diseases.


Vasoactive Factors Associated With Allergy
 
Inflammatory Mediators

AS and AR are generally IgE-mediated type I allergic diseases (Figure 1). When individuals are exposed to allergens, activated B cells differentiate into plasma cells and subsequently synthesize and secrete specific IgE (sIgE), which binds to high-affinity receptors on the surface of inflammatory cells, such as mast cells and basophils, resulting in a state of sensitization. When exposed to the same allergens again, sIgE antibodies can recognize the allergens and cause a cross-linking reaction, leading to the activation and degranulation of inflammatory cells to release a variety of inflammatory mediators, such as the classic histamine, LT, bradykinin, and prostaglandin, eventually leading to both acute and chronic inflammation, airway smooth muscle contraction, and increased secretion of mucus, etc. (20, 21).
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FIGURE 1. The production of vasoactive inflammatory mediators in type I anaphylaxis of airway. Inspiratory allergens, such as pollens, enter through the damaged airway epithelial cells. Then, DCs capture the allergens, present the antigens to Th0, and promote cell differentiation from Th0 to Th2. Th2 then produces cytokines, such as IL-4, IL-5, and IL-13. IL-5 can induce the aggregation of eosinophils, and IL-4 and IL-13 not only promote the production of NO by activating iNOS, but also stimulate Beff to produce IgE. The combination between antigen and antibody causes effector cells (e.g., MC, BAS) to produce and release histamine, leukotriene, etc., by degranulating, thus acting on peripheral blood vessels to mediate vasodilation and increase vascular permeability and resulting in relative central hypovolemia. DC, Dendritic cell; Th0, naive CD4+T cells; Th2, T cell type 2; Beff, Effector B cell; MC, Mast cell; BAS, Basophil; IL-4, Interleukin-4; IL-5, Interleukin-5; IL-13, Interleukin-13; iNOS, Inducible nitric oxide synthase; IgE, Immunoglobulin E.


Histamine, bradykinin, and prostaglandin are all known to have a diastolic effect on vascular smooth muscle and can enhance vascular permeability (22, 23). LT can also increase vascular permeability (23). These features may cause a reduction in venous return and inevitably result in relative central hypovolemia, which can be exacerbated by an upright position and facilitate orthostatic intolerance. However, whether these inflammatory mediators play a role in the mechanism of pediatric VVS and POTS still needs to be confirmed.

In addition to the direct role of these classic mediators, the complex interactions among the allergy-related inflammatory mediators may provide some clues for the comorbidity. For example, LT, one of the essential factors in the allergic response, can interact with other factors, such as endothelin (ET) and tumor necrosis factor α (TNF-α) (24) (Figure 2). Studies have shown that ET-1 (25) and TNF-α (26) can induce the production of leukotriene C4 (LTC4) by acting on mast cells as well as eosinophils. Conversely, studies in vitro have shown that leukotriene D4 (LTD4) can induce the production of TNF by stimulating the high-affinity receptor on alveolar macrophages (27) and that LTC4 can also regulate the production of ET-1 (28). Interestingly, previous studies have shown that plasma ET levels were increased in children with VVS (29), suggesting an imbalance of vascular tone regulators in children with NMS. Similar to the findings in NMS children, plasma ET-1 levels in children with AS significantly increase in the acute attack stage compared with the remission stage (30). ET-1 is also elevated in the airway epithelium and involved in bronchoconstriction and airway remodeling in patients with AS (31, 32), indicating that ET may be a candidate factor related to the pathogenesis of the comorbidity of NMS and AS in children. For TNF, Gallegos (33) found that soluble tumor necrosis factor receptor 1 (sTNFR1) was detected in the blood of pediatric patients with VVS. Under the influence of predisposing factors, such as prolonged standing and postural changes, sTNFR1 was suddenly reduced, and its inhibitory effect on TNF was weakened, subsequently increasing the secretion of prostaglandin E2 and nitric oxide (NO) and leading to vasodilation and syncopal attacks. Nevertheless, the role of TNF in the pathogenesis of comorbidity needs further exploration in the future.
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FIGURE 2. Bidirectional regulatory mechanisms between LT and other inflammatory mediators. ET-1 and TNF-α can induce the production of LTC4 by acting on the mast cells as well as eosinophils. Conversely, studies in vitro have shown that LTD4 can induce the production of TNF by stimulating the high-affinity receptor on macrophages, and LTC4 can also regulate the production of ET-1. NO can increase the production of LT through human mast cells, and LTB4, LTC4, and LTD4 can also promote NO release by activating the polymorphonuclear granulocyte surface receptors. LTB4, Leukotriene B4; LTC4, Leukotriene C4; LTD4, Leukotriene D4; LT, Leukotriene; ET, Endothelin; TNF, Tumor necrosis factor; NO, Nitric oxide.




Neuropeptides

Other vasoactive factors are involved in AS and can cause vasodilation and enhance microvascular permeability. When the sensory nerve endings are exposed to antigens or inflammatory mediators due to damage of the top covered airway epithelium, they can reversibly release a group of neuropeptides, such as neurokinin A, calcitonin-related peptides, substance P, bradykinin, tachykinin, and neuropeptide Y, which may lead to bronchial constriction, microvascular leakage, and mucus hypersecretion (34–36). Among them, calcitonin-related peptides, substance P, bradykinin, and tachykinin all have the effect of vasodilatation; in contrast, neuropeptide Y exerts the effect of vasoconstriction. It was reported that the plasma neuropeptide Y level was significantly decreased (37) and substance P was increased (38) in children with VVS in the supine position. It is worth further exploring whether these vasoactive neuropeptides are involved in the pathogenesis of the comorbidity.



Nitric Oxide

NO is an active gasotransmitter that is released when L-arginine transforms into L-citrulline by oxidation under the catalytic action of nitric oxide synthase (NOS) (39). NO can pass through biofilms by free diffusion and play an extensive regulatory role in the nervous, immune, and cardiovascular systems. NO is reported to be involved in the pathogenesis of both pediatric AS and NMS (40–42). In the pathogenesis of AS, exposure to allergens induces helper T cell type 2 (Th2) to produce a series of inflammatory mediators, such as interleukin-4 (IL-4), interleukin-5 (IL-5), and interleukin-13 (IL-13). IL-5 promotes the aggregation of eosinophils (43), and IL-4 and IL-13 trigger downstream signaling and upregulate the synthesis of inducible nitric oxide synthase (iNOS) mRNA, leading to a significant increase in the levels of fractional exhaled nitric oxide (FeNO) (44). iNOS can be detected in the airway epithelial cells of patients with AS (45), and the levels of FeNO in AS are significantly increased (42). Therefore, it is supposed that NO plays an important role in the pathogenesis of AS. A guideline on pediatric pulmonary function and airway nontraumatic inflammation indicators suggests that FeNO is an airway inflammation indicator and a noninvasive indicator that can be used to measure the levels of eosinophilic inflammation in children with AS (46). There is also evidence for interactions between NO and LT (Figure 2), which may be another way that NO participates in the pathogenesis of allergic diseases. For example, NO (47) can increase the production of LT through human mast cells, and leukotriene B4 (LTB4), LTC4, and LTD4 can promote NO release by activating polymorphonuclear granulocyte surface receptors (48). Studies about the role of NO in pediatric NMS have focused on vascular endothelium-derived NO. Previous studies have shown that children with both POTS and VVS had increased plasma NO levels and significantly enhanced flow-mediated vasodilation (FMD) (40, 41, 49). Moreover, NOS activity was enhanced and was proportional to FMD in children with POTS (40). Genotype analysis of the NOS gene also revealed that greater endothelial NOS activity may be associated with the pathogenesis of POTS (50). These results indicated abnormal vascular endothelial function in children with VVS and POTS, which may result in enhanced vasodilatation and peripheral blood pooling when upright, exacerbating orthostatic intolerance. Another study explored the vascular endothelial function as well as the arterial stiffness using the reactive hyperemia index (RHI) and augmentation index (AIx). However, there was no significant difference in vascular endothelial function between AS and the control group although poorer arterial elasticity was found in the AS group (51). In another study, it was shown that FMD was decreased in children with AS and that reduced FMD was correlated with the decreased forced expiratory volume in 1 second (FEV1) and the function of the small airway, suggesting that vascular endothelial dysfunction exists in children with AS (52). Because NO plays a significant role in the pathogenesis of both pediatric NMS and AS, it is worth researching FeNO as well as circulatory NO levels in children with allergic diseases comorbid with NMS to find the possible influence of NO in the comorbidity.

Dysregulation of peripheral vascular tone and relative central hypovolemia are important pathogenesis mechanisms that cannot be ignored in children with NMS. Therefore, whether the known allergy-related vasoactive factors contribute to the relative central hypovolemia by enhancing vasodilation and/or increasing vascular permeability in children with the comorbidity of NMS and allergic diseases remains to be further studied. Additionally, the mechanisms for mutual regulation among each factor are not fully understood.




Dysfunction of the Autonomic Nervous System

The imbalance of sympathetic and vagal functions is one of the important mechanisms for NMS. Although AS is defined as a heterogeneous disease characterized by chronic airway inflammation and airway hyper-responsiveness, some studies also support that AS is associated with dysfunction of the autonomic nervous system (ANS). It is believed that patients with AS have increased parasympathetic reactivity, which may be related to the severity of the disease or the long-term use of medicine, such as β2 adrenergic agonists and anticholinergic medicines (53, 54). Whether this dysfunction of the ANS in patients with AS accounts for a tendency of NMS remains to be further studied.



Autoimmunity

Autoimmunity is another mechanism that is involved in both AS and NMS. On the one hand, it is believed that autoimmune phenomenon is found in patients with AS (55). Kero reports that the cumulative incidence of AS in children with celiac disease or rheumatoid arthritis is significantly higher (10.0%) than that in children without these autoimmune diseases (3.4%) (56). Previous studies also demonstrate circulating autoantibodies against β2 adrenergic receptor, epithelial antigen, and nuclear antigen in AS patients (55). Although the existence of these circulating autoantibodies may just be a concomitant phenomenon of chronic inflammation in AS rather than the major pathogenic factor, these autoantibodies may be a potential factor affecting the function of the ANS. On the other hand, increasing evidence has shown that POTS is related to autoimmunity (57). Blitshteyn found that one quarter of the patients had antinuclear antibodies (ANA), almost one third of the patients had autoimmune markers, and one fifth of the patients had coexisting autoimmune diseases (58). In addition, G-protein-coupled adrenergic autoantibodies, muscarinic autoantibodies, and angiotensin II type 1 receptor autoantibodies are all elevated in POTS patients (59, 60). It is not clear whether autoimmune mechanisms are involved in the occurrence of comorbidity.





SITUATIONAL SYNCOPE COMORBID WITH ALLERGIC DISEASES IN CHILDREN


Clinical Manifestations

Cough syncope is a form of situational syncope characterized by paroxysmal coughing, facial congestion or cyanosis, and loss of consciousness, and the episode of cough syncope usually occurs within seconds and is followed by recovery within seconds to minutes (61, 62). Cough syncope in children is thought to be associated with AS. A recent review showed that 90.3% of children with cough syncope had a history of AS (8). As early as 1876, Charcot first described the loss of consciousness after coughing in children (63). Nearly a century later, Robert described twelve children with cough syncope companies with AS, of whom eleven were allergic to inhalant allergens and six developed allergic symptoms to certain foods; pulmonary function was measured in eight children, who all showed reversible airflow limitation (64).



Pathogenesis

The exact mechanisms for cough syncope are not fully understood. In the past, cough followed by a transient loss of consciousness (TLOC) used to be considered a kind of epileptic seizure (65), and then an increasing number of researchers believed that changes in the circulatory system might be the real cause of the TLOC. In 1984, DeMaria (66) confirmed that cough syncope was not an epileptic seizure, as there was no discharge in the electroencephalogram during the episodes of cough syncope in adult patients.


Changes in Thoracic Compliance

One of the hypotheses put forward to explain the complex pathogenesis of cough syncope is related to the change in thoracic compliance. In general, it is speculated that elevated intrathoracic pressures are needed to trigger an attack of cough syncope, and the cough caused by AS is a potential trigger. Most reported cases of pediatric cough syncope are related to AS. One apparent fact is that cough is a common clinical manifestation in children with AS. Furthermore, Katz's study suggests that the decreased thoracic and pulmonary compliance in patients with AS may predispose them to have cough syncope (61). Subsequently, the explanation of the mechanisms for cough syncope focused on the increased chest and abdominal pressures caused by cough. It is believed that, during cough syncope, the increased intrathoracic pressure induced by coughing and enhanced by decreased compliance of the thoracic wall diminishes the cardiac output, consequently leading to decreased systemic blood pressure as well as insufficient cerebral perfusion. In addition, the cerebral blood vessels are thought to be compressed because of an increased extravascular pressure produced by the elevated intracranial pressure when coughing, further diminishing the cerebral perfusion. In some cases, a concussion-like effect may be caused by the rapid increasing cerebrospinal fluid pressure (8, 67). All of the above changes occur in the course of cough syncope.



Autonomic Nervous Reflex

It has been suggested that diminished cerebral blood flow due to vagal excitation may be the main mechanism for cough syncope (68). Early in 1953, baroreflex was thought to be related to cough syncope (69). However, the role of baroreflex in the pathogenesis of cough syncope had been confirmed by Benditt et al. until 2005 (70). Their findings showed that patients with cough syncope presented more severe hypotension over an even longer period than those with other causes of syncope and that the positive chronotropic response was usually suppressed in patients with cough-triggered hypotension, indicating a more significant vagal excitatory response. These results support that cough syncope is characterized by a cough-triggered neurally mediated reflex causing hypotension and/or bradycardia.





SUMMARY

Increasing evidence suggests that allergic diseases are common comorbidities of pediatric NMS, but the data are limited, and the pathogenesis is unclear. It can be speculated that the disturbance of allergy-related vasoactive mediators, autonomic nervous dysfunction, autoimmunity, changes in thoracic compliance, and autonomic nervous reflex may be potential mechanisms for the comorbidity (Figure 3). Further studies are needed to confirm the exact mechanisms. In addition, there are several other entities of NMS, such as OH, OHT, and other forms of situational syncope, that may share some common pathophysiological mechanisms with VVS, POTS, and cough syncope as mentioned above. However, no studies have been published on the comorbidity of these types of NMS and allergic diseases in children. We believe that great attention should be paid to this topic in the future because comprehensive studies on the clinical characteristics and pathogenesis will help to improve the understanding and therapeutic efficacy of pediatric NMS comorbid with allergic diseases.
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FIGURE 3. Summary of the underlying mechanisms of the comorbidity of allergic diseases and NMS. The underlying mechanisms of the comorbidity of allergic diseases and VVS and/or POTS involve vasoactive factors associated with allergy, dysfunction of ANS, and autoimmunity. The comorbidity of allergic diseases and cough syncope is supposed to be related to changes in thoracic compliance and autonomic nervous reflex. VVS, Vasovagal syncope; POTS, Postural tachycardia syndrome; ANS, Autonomic nervous system.
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