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Abstract
Bronchial hyperresponsiveness (BHR) is an important but not asthma-specific characteristic and can be assessed by direct and indirect methods, based on the stimulus causing airway obstruction. BHR has been proposed as a prognostic marker of asthma severity and persistence, and may also be used to control pharmacological management of asthma. The most recent data on the prevalence and development of BHR in childhood and its predictive value for subsequent asthma development in late adolescence and adulthood is discussed in this review. According to the BHR-related scientific articles written in the English language and indexed in the publicly searchable PubMed database, the prevalence of BHR varies based upon the methods used to assess it and the population examined. In general, however, BHR prevalence is reduced as children grow older, in both healthy and asthmatic populations. While asthma can be predicted by BHR, the predictive value is limited. Reduced lung function, allergic sensitization, female sex, and early respiratory illness have been identified as risk factors for BHR. The collective studies further indicate that BHR is a dynamic feature related to asthma, but asymptomatic BHR is also common. Ultimately, the prevalence of BHR varies depending on the population, the environment, and the evaluation methods used. While both the methacholine challenge and the exercise test may predict asthma in adolescence or early adulthood, the predictive value is higher for the methacholine challenge compared to the exercise test. The collective data presented in the present study demonstrate how BHR develops through childhood and its relation to bronchial asthma. 
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Core tip: Bronchial hyperresponsiveness (BHR) is a dynamic feature related to asthma and is also common among children without an asthma diagnosis. In children, BHR may be predictive of asthma development. This review article summarizes the current literature on the prevalence of BHR, highlighting the reported evidence elucidating its risk factors and predictive value for asthma in children.

Riiser A. Bronchial hyperresponsiveness in childhood: A narrative review. World J Respirol 2016; In press 


INTRODUCTION
In 1859, Sir Henry Hyde Salter was the first to describe bronchial sensibility[1], a phenomenon currently known by its descriptive name “bronchial hyperresponsiveness” (BHR). BHR is an abnormal reaction that occurs under otherwise normal physiologic conditions, in which airway obstruction is induced by a non-allergic stimulus. The clinical characterization of this event as abnormal arises from systematic comparison of bronchial responses in people with BHR to those in healthy individuals when the same stimuli and measurement methods are used[2]. An identified trigger of BHR, eosinophilic pulmonary inflammation, is often associated with asthma. Central to this shared pathology is the cellular T helper type 2 (Th2) response that is hallmarked by infiltration of CD4+ Th2 cells, natural killer T cells, eosinophils, neutrophils, and mast cells, as well as structural and functional defects in airway epithelium and airway remodeling[3]. Thus, assessment of BHR involves comparison of lung function before and after stimulus, using such methods as exercise test (in which the complete stimulus-exercise is given on a single occasion) or the methacholine challenge (in which the stimulus is administered in increasing doses or concentrations and response-lung function-is measured after each to calculate dose response).
	The various stimuli for bronchial constriction act either directly or indirectly. The former act directly on the smooth muscles around the airways, stimulating contractility, while the latter instead stimulate the release of inflammatory mediators from basophilic and eosinophilic granulocytes[2,4] (Figure 1). These different types of stimuli reflect different underlying mechanisms in the airways, likely explaining the sometimes limited correlation between BHR defined by different bronchial challenges[2]. Historically, the most common constrictor agents used in these challenge studies have been histamine and methacholine, which show close correlation between the severities of bronchial constriction induced by equal dosages. In the last decades, however, the experimental use of histamine has declined due to the associated local side effects, particularly with high doses[5], and methacholine challenge has emerged as the test of choice for many clinicians[6] and researchers. The exercise test was standardized in the 1970s and quickly became a popular method to investigate BHR, especially in children[7]. Since then, other indirect stimuli that have been commonly used in testing include hypertonic saline and eucapnic hyperventilation (EVH). The collective studies have shown that severity of bronchial constriction induced by either exercise or EVH is dependent upon climatic conditions, such as temperature and humidity of the inhaled air, with colder and dryer air having been shown to induce greater bronchial constriction[8,9].
	Many individual factors, including age[10] and asthma[11,12], may influence the result of a bronchial challenge. Children with severe asthma have been shown to have more severe methacholine-stimulated BHR than children with mild to moderate asthma[12]. Moreover, children with persistent asthma have significantly greater prevalence of exercise-induced bronchial constriction (EIB) than children with intermittent asthma[11]. Airborne particles (i.e., allergens, air pollution and chemical irritants) may increase BHR over a period of weeks and months after exposure, as shown in a study of school-age children following infancy exposure[13]. BHR was also shown to be temporarily increased in children with recent airway infection[14,15]. 
	There appears to be crossover between BHR and asthma, both clinically and physiologically. For example, BHR can be successfully treated with anti-asthmatic medications, such as inhaled corticosteroids[16] and β-agonists[17], but use of BHR as the diagnostic factor for asthma can lead to a false positive test result[15]. The pathogenesis of BHR, and its molecular underpinnings, remain to be fully elucidated but are of interest to both clinicians and researchers. Thus, the aim of the present study was to review the English language literature in the PubMed database and present a useful review on the prevalence and development of BHR in children, in addition to the predictive value of childhood BHR for development of asthma in late adolescence and adulthood. 

PREVALENCE AND DEVELOPMENT OF BHR
Obtaining the accurate rate of BHR prevalence is complicated by the varied stimuli, exposure/administration methods, and cut-off values used to define BHR (Table 1). In a birth cohort from New Zealand, BHR (defined therein as the concentration causing a 20% reduction in forced expiratory volume in one second (FEV1) (PC20): ≤ 8 mg/mL) was assessed at age 9 and then again at age 21. The BHR prevalence dropped from 16% at the age of first assessment to 7% 12 years later[18]. A similar reduction in prevalence from childhood to adolescence was found in a Norwegian birth cohort (ECA) assessed at age 10 and again at age 16; specifically, the proportion of children with mild to severe BHR (defined therein as the dose causing a 20% reduction in FEV1 (PD20): ≤ 8 μmol) dropped from 33% to 15% 6 years later. These cohorts from such geographically and socially disparate countries both had an ~ 50% reduction of childhood BHR during the years corresponding to puberty. The ECA study further divided the BHR cases according to severity, and found that 57% of the overall cohort had the same degree of BHR from age 10 to age 16. However, among those whose degree of BHR changed over the 6 year period, 82% changed to a category with a lower degree of BHR[19]. 
	Besides the two studies mentioned above, an Australian study demonstrated a consistent BHR prevalence of 20% in children between the ages of 8 and 11 for the years of 1992 and 2002[20]. Additionally, that study demonstrated a reduction in asthma prevalence, from 38% to 31%, over the same decade[20]. In an Estonian study, BHR was assessed by methacholine challenge in 1106 children in two different cities. The prevalence of BHR was found to be 32% in the less industrialized town of Tartu compared to 19% in Tallinn, a coastal town with more air pollution[21]. Cross-sectional studies of children with asthma in Chile and Germany showed BHR prevalence ranging from 15% (when BHR was assessed by cold air) to 70% (when measured following methacholine stimulation)[22,23]. The same study from Germany[23], but using a longitudinal approach, showed the same reduction in BHR occurring around puberty that is similar to the trend seen in the general population[18,19].
	For EIB, the magnitude of bronchial constriction has been shown to be dependent on the intensity of the stimulating exercise[24]. In the ECA study, 9% of the 10-year-olds experienced a ≥ 10% reduction in FEV1 after 6 min of treadmill running, with the children having been encouraged to achieve a heart rate of 200 beats per minute in the last 4 min of the exercise test[25]. An Australian study of children between the ages of 8 and 11 similarly found an EIB prevalence of 20%, with the children having performed a 6 min running test outdoors and the criterion for a positive EIB test result being a fall in FEV1 of 1.96 standard deviations more than in healthy children[26]. Other studies of EIB in asthmatic children have reported prevalence rates from 40% to 90%[11,27], and the broad range may be due to the different protocols and different definitions of EIB used. A cross-sectional study in 1973 and 1988 from Wales found a similar incidence of EIB in 12-year-olds (7% and 8%, respectively), although the rates of asthma prevalence increased from 4% to 9% during this same period[28]. 
	The International Study of Asthma and Allergy in Childhood assessed BHR with hypertonic saline in 6826 schoolchildren in 16 different countries. The national prevalences of BHR varied from 2.1% in Albania to 47.8% in India[29]. Given the wide variation in BHR prevalence, a comparative assessment of EIB in a country with high prevalence and in a country with low prevalence was performed using the definition of BHR as a fall in FEV1 of ≥ 15 % after exercise. The data indicated that seven times as many children had EIB in the UK compared to Albania[30]. In the previously discussed Estonian study, when BHR was assessed by methacholine challenge the children in Tallinn showed significantly less BHR compared to the children in Tartu (6% vs 18%)[21], which agrees with the former study’s finding of less BHR in a less developed area. 

CAN BHR PREDICT ASTHMA? 
The ECA study investigated whether BHR measured by methacholine challenge or by exercise test at age 10 could predict whether the participant had developed asthma by 6 years later. The study results suggested that BHR (PD20: ≤ 8 μmol) is a weak predictor for asthma, but the ability to predict asthma was significantly improved when clinical characteristics were included in the prediction model. The cut-off value with the best sensitivity and specificity for asthma 6 years later was PD20 of ≤ 7 μmol[31].
	The risk of having asthma 6 years after BHR was 6.8 times greater if a child had a severe case of BHR (vs no BHR). The corresponding values were 3.5 times greater for mild to severe BHR (PD20: ≤ 8 μmol) and 2.8 times greater for any BHR (PD20: ≤ 16 μmol). If the subjects had EIB, on the other hand, the risk for asthma 6 years later was 2.6 times greater compared to not having EIB. Only 51% of the subjects with PD20 of ≤ 8 μmol and the same proportion of subjects with a positive exercise test experienced asthma symptoms[31], confirming previous reports of asymptomatic BHR as a common phenomenon[32,33]. 
	To my knowledge, no other studies have examined the predictive value of BHR for subsequent asthma. However, the risk estimates for subsequent asthma reported from the ECA study are in line with those reported previously. A study from Australia showed that children with a positive BHR response to methacholine challenge had 5.1 times greater risk of developing asthma symptoms in early adulthood[20]. Sears et al[18] reported that the risk of wheezing in young adults was 4.2 times greater if the subjects had at least one positive BHR response to methacholine challenge in childhood adolescence. A study from Denmark showed that children with a positive EIB response to exercise test at 10 years of age had 2.3 times increased risk of experiencing the asthma symptom of wheezing during young adulthood[32]. Indeed, the association between BHR and subsequent asthma may begin before birth. Bisgaard et al[34] reported a significant association between positive BHR response to methacholine in newborns and development of asthma at 7 years of age in a population of children with asthmatic mothers and, therefore, at high risk of asthma. That study also demonstrated that neonates with BHR had reduced lung function in addition to the asthma 7 years later and that the airflow deficit progressed independently of allergic sensitization or atopic dermatitis. 

WHICH BHR TEST SHOULD BE DONE TO PREDICT ASTHMA? 
There is considerable uncertainty about which BHR test is optimal for subsequent asthma prediction. In the ECA study, severe BHR at 10 years of age had the highest positive predictive value (0.49) for asthma 6 years later, compared with EIB and other methacholine cut-off values defining BHR. The negative predictive value was similar (0.89 to 0.92) for all definitions of BHR and EIB[31]. The receiver operating characteristic (ROC) curve is plotted as an XY diagram, with sensitivity and 1 – specificity representing different cut-off values; the area under the ROC curve provides information about the suitability of a test. 
	In the ECA study, PD20 had a larger area under the curve than the exercise-induced reduction in FEV1 (0.69, 95%CI: 0.62-0.75 vs 0.60, 95%CI: 0.53-0.67) when the predictive ability of BHR at 10-years-old for asthma development 6 years later was tested[31]. In cross-sectional studies, the methacholine challenge is reported to be more sensitive than either a free running (exercise) test[35] or a sport-specific exercise test[36] for identifying active asthma. In contrast, Haby et al[26] reported that BHR assessment by the exercise test and histamine challenge had similar sensitivity and specificity for identifying asthma in randomly selected schoolchildren. In general, however, neither the methacholine challenge nor the exercise test is ideal for predicting asthma; based on the area under the curve, the methacholine challenge may be better than the EIB test if the aim is to predict future asthma in children. 
	If one wants to identify children with future asthma with the greatest possible certainty, a high positive predictive value is desirable, and one should, therefore, select severe BHR as a criterion for a positive test. However, if the aim is to identify as many children as possible who will develop asthma within a 6-year future range, higher cut-off values will be more appropriate. In many cases, it may be equally relevant to predict which children will not develop asthma in that 6-year range, in which case the mild to severe BHR criterion is appropriate. 
	The “optimal” cut-off value which gave the highest sensitivity and specificity for asthma 6 years later was a 6% reduction in FEV1 related to EIB[31]. However, this level of reduction is close to the normal variation between FEV1 measurements in children[8], precluding its recommendation as the cut-off value for defining the EIB. A reduction in FEV1 of ≥ 10% is reportedly the best cut-off value to discriminate between asthmatic and normal response to an exercise test on a treadmill[37] and is the cut-off value recommended in the American and European guidelines[38,39].

RISK FACTORS FOR BHR
The ECA study identified airway obstruction measured by FEV1 or FEV1/forced vital capacity (FVC) at 10 years of age as risk factors for BHR at both 10-years-old and 16-years-old. Additionally, the study identified 16-year-olds with airway obstruction as being at higher risk for BHR. In multivariate analysis, BHR, female sex, and reduced FEV1/FVC at 10 years of age were significant risk factors for developing BHR by 16 years of age. In bivariate analysis, allergic sensitization was a risk factor for later BHR, but the significant association was lost when the analysis was controlled for sex, airway obstruction, and previous BHR[19]. Both a cross-sectional study[40] and a longitudinal study[41] have revealed associations between BHR and allergic sensitization in general and dust mites in particular. A study from New South Wales by Peat et al[42] reported that female sex was a minor risk factor for BHR and that allergic sensitization assessed by skin prick test was the most important risk factor for BHR in school children. However, that study design did not include control for obstructive lung function. Through the ECA study, Håland et al[43] identified reduced lung function at birth as a risk factor for BHR 10 years later, and Hovland et al[44] identified recurrent bronchial obstructions before the age of 2 as a risk for developing BHR by either age 10 or age 16. These findings were supported by those of Peat et al[42], in which early respiratory illness was identified as a risk factor for future BHR. Yavuz et al[45] identified nocturnal cough, exercise-induced cough, eosinophilia, and borderline bronchodilator response as significant risk factors for BHR in children with asthma-like symptoms but without obstructive patterns or evidence of reversibility demonstrated by spirometry. Thus, the collective body of evidence suggests that reduced lung function at any age, early respiratory illness, female sex, and allergic sensitization are common risk factors for BHR. However, the effect of allergic sensitization may not be significant after controlling for obstructive lung function, at least in some populations.

CONCLUSION
The prevalence of BHR varies in different populations and according to results from different assessment methods. BHR rates decrease throughout childhood and adolescence and BHR is common in both children with and without asthma. The presence of BHR may predict future asthma both in asthmatic and non-asthmatic children, and asthma can be predicted by methods using both direct and indirect stimuli to assess BHR. Although its predictive values are modest, BHR in childhood increases the likelihood of subsequent asthma; generally, the predictive value is increased with increased severity of BHR. The methacholine challenge seems to be more appropriate than an exercise test if the goal is to predict future asthma. 
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Figure 1 Direct and indirect stimuli induce airflow limitation via different mechanisms[40].




Table 1 Cut-off points used to define bronchial hyperresponsiveness in children 
	Stimulus
	Definition
	Cut-off point
	Ref.

	Methacholine PD20
	Severe BHR
	PD20: ≤ 1 μmol
	[19,31]

	
	Mild to severe BHR
	PD20: ≤ 8 μmol
	[19,31] 

	
	Any BHR
	PD20: ≤ 16 μmol
	[19]

	
	BHR
	PD20: < 3.91 μmol
	[20]

	Methacholine PC20
	BHR
	PC20: ≤ 8 mg/mL
	[18]

	
	BHR
	PC20: < 2 mg/mL for children between 6 to 9 years 
	[22]

	
	BHR
	PC20: < 4 mg/mL for children between 10 to 14 years
	[22]

	Exercise
	BHR
	> 15% fall in FEV1 after exercise
	[21] [30]

	
	EIB
	> 10% fall in FEV1 after running
	[25]

	
	AHR
	A fall in FEV1 of 1.96 standard deviations more than in healthy children
	[26]

	
	BHR
	≥ 8.6% fall in FEV1 after exercise
	[32]


AHR: Airway hyperresponsiveness; BHR: Bronchial hyperresponsiveness; EIB: Exercise-induced bronchial constriction; FEV1: Forced expiratory volume in one second; PC20: Concentration causing a 20% reduction in FEV1; PD20: Dose causing a 20% reduction in FEV1. 
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