
Introduction
 The assessment of BHR is traditionally based on bronchial chal-
lenge tests, which can be classified as direct or indirect. The first re-
lies on direct binding of bronchial smooth muscle receptors, causing 
airway narrowing and represents the “fixed component”’ of BHR. On 
the other hand, the inflammatory status (i.e., eosinophilic airway in-
flammation) better correlates with indirect challenges that represent 
the “variable component”[1-3]. To date, BHR can be considered as 
a pathological expression of a combination of different mechanisms  
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[4]. The aim of this review is to summarise the state of the art about 
BHR, from the pathophysiology to diagnostic methods, with a partic-
ular focus on its contribution to asthma.

Epidemiology

 BHR is considered as the direct expression of variable airflow 
which is undoubtedly one of the characteristic features of asthma. As 
it is virtually present in all asthmatics, its measurement by challenge 
tests can be a valuable tool for predicting, confirming or excluding 
asthma, as well as for evaluating disease progression and decline 
of lung function [5]. Nevertheless, BHR is not an exclusive feature 
of asthma as it can also be found in healthy subjects with a rate of 
incidence ranging from 11% to 20% [1,6]. Furthermore, BHR has 
been associated with a broad spectrum of diseases other than asth-
ma. Atopic diseases represent one of the main risks of developing 
BHR. In patients affected by Allergic Rhinitis (AR), studies from 
bronchial biopsies found an association between sputum ECP levels 
and BHR severity [6]. Since the knowledge related to AR and BHR 
correlation in not fully understood, the “one airway” theory supports 
a deep interaction between airway and nasal dysfunction through the 
presence of eosinophilic inflammation in the upper and lower airway 
[7]. Moreover, in the “Sapaldia study” BHR has been recognized as 
possible risk factor for the development and progression of Chronic 
Obstructive Lung Disease (COPD), showing an unfavourable syner-
gistic effect with active smoke habit [8]. Finally, it has been shown 
that BHR is increased in cystic fibrosis [9,10], particularly if detected 
through methacholine challenge test (MCT) [11], and in cardiovascu-
lar diseases such as congestive heart failure, mitral valve disease and 
vasospastic angina [1,12].

Pathophysiology

 Mechanisms underlying BHR are not yet fully acknowledged. Dif-
ferent elements such as heritable components, airway inflammation, 
structural abnormalities and neurological abnormalities have been re-
ported to be involved. Evidence suggests that BHR is composed of 
two ‘semi-independent components’, fixed or persistent BHR and ep-
isodic or variable BHR [13]. Although both are influenced by airway 
inflammation, they maintain specific characteristics, mostly related 
to different responses to several tests and treatments, resulting in a 
variable pathophysiological and clinical interpretation [1].

 Fixed (or persistent) BHR refers to the non-responsive or partially 
responsive nature component of BHR to anti-inflammatory treatment 
(i.e., inhaled corticosteroids, environmental control). It can be con-
sidered as the expression of non-reversible airway structural changes 
triggered by chronic inflammation better known as “airway remod-
elling” [1,13]. The main airway structural changes include subendo-
thelial basement membrane deposition of collagen (fibrosis), airway 
smooth muscle hypertrophy and/or hyperplasia, increased vascularity, 
and changes in extracellular matrix composition, which all contribute 
to increased airway wall thickness [14]. Airway epithelium contrib-
utes extensively to triggering airway remodelling through the release 
of several inflammatory cytokines such as transforming growth factor  
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Abstract
	 Bronchial	hyperreactivity	(BHR),	also	defined	as	airway	hyperre-
activity (AHR), is still nowadays one of the noteworthy pathophysi-
ological	elements	defining	asthma.	It	 is	described	as	an	excessive	
airway	narrowing	in	response	to	different	stimuli	leading	to	increased	
air	flow	resistance	and	significantly	decreased	forced	expiratory	vol-
ume in 1 second (FEV1. BHR may be provoked by environmental 
stimuli, both chemical and physical (e.g., inhaled allergens, drugs, 
etc.), or physiological stimuli such as hyperventilation or physical 
exercise.	The	phenomenon	of	BHR	involves	a	series	of	airway	struc-
tural and functional changes, which can contribute to the onset of 
several pathological conditions, not necessarily limited to the respi-
ratory system.
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beta (TGF-β), thymic stromal lymphopoietin (TSLP), interleukin (IL) 
33 and granulocytes-macrophage colony-stimulating factor (GM-
CSF). Many other cytokines such as platelet-derived growth factor 
(PDGF), fibroblast growth factor (FGF), epidermal growth factor 
(EGF) and vascular endothelial growth factors (VEGFs), as well as 
chemokines (e.g., CXCL2, CXCL3, IL-8/CXCL8), also contribute to 
airway remodelling in asthma [15]. Fixed BHR is clinically detected 
with direct stimulus methods, such as methacholine and histamine 
challenge tests, that directly interact with airway muscle receptors 
(M3 for methacholine and H1 for histamine). The persistent nature 
of fixed BHR makes it unsuitable as a measure of disease activity [4].

 Variable (or transient) BHR reflects acute airway inflammation, 
usually but not necessarily involving eosinophils, mast cells and ba-
sophils. An atopic IgE-mediated response seems to be the most com-
mon inducer of variable BHR; however, respiratory tract infections 
(predominantly viral infections) [16,17] and environmental exposure 
(such as in occupational asthma) are also frequently recognized as 
variable BHR inducers. Differently from fixed BHR, the degree of 
variable BHR is associated with disease clinical severity and can be 
detected with several indirect stimuli methods, such as mannitol, ad-
enosine monophosphate (AMP), physical exercise, hypertonic saline 
and hyperpnea of dry air, which induce the release of mediators from 
inflammatory cells [18]. Often, a correlation can be observed between 
the used method of testing and some biomarkers mainly involved in 
T2 inflammation pathway. The AMP method closely correlates with 
sputum and blood eosinophils and eosinophil cationic protein while 
the use of mannitol reflects more closely fraction of exhaled nitric 
oxide (FeNO) levels [19]. For these reasons, indirect challenges can 
be used to identify potential ICS responder patients and monitor the 
effectiveness of the therapy (18). Asthma and BHR are typically as-
sociated with eosinophilic inflammation in which T2 cytokines, such 
as IL-3, IL-4, IL-5, and IL-13 play a key role [20]. On the other hand, 
non-inflammatory mechanisms such as central and peripheral neu-
rohumoral modulation can impact the bronchial tone [21]. Although 
evidence has highlighted the relationship between airway eosino-
philic inflammation and BHR, there is no uniform consensus on this, 
and T2-independent inflammation is currently becoming an intrigu-
ing study field. Th-9 cells are a subset of cells which preferentially 
produce IL-9 when exposed to IL-4 and TGF-β. IL-9 is traditionally 
implicated in mast cell proliferation, goblet cell hyperplasia, IL-13 
production and in inducing airway eosinophilic inflammation as well 
as an eosinophil-independent BHR. Furthermore, Th-9 cell-mediated 
BHR as well as non-T2 asthma (e.g., neutrophilic asthma) is observed 
to be resistant to glucocorticoid treatment [20–23].

Risk factors
 Segregation analysis confirmed that a familial component exists 
in BHR transmission and that this is not due to a single autosomal 
locus [20]. Genes involved in BHR transmission are likely to be lo-
calized on chromosome 5 and coinherited with IgE genetic loci. In 
fact, elevated serum IgE levels strongly correlate with BHR [24]. In 
addition to this, cytokines involved in allergic and eosinophilic cas-
cades, such as GMCS and IL-3, -4, -5, -9 and -13, are localized on the 
same region of chromosome 5q. Interestingly, atopic subjects, with 
or without asthma, seem to have a significantly higher incidence of 
BHR rather than the general population [25]. Nevertheless, it is also 
possible to detect BHR among non-atopic asthmatic patients. Van 
Herwerden et al. found a genetic linkage between FcεRIβ chain and 
BHR, even without a relevant linkage between atopy and the same 
locus, suggesting that BHR genetic transmission may be independent 
from atopy genes [26].

 Cough variant asthma is an atypical asthma manifestation in which 
BHR is mildly increased; in these patients the continuative use of ICS 
contributes to decreasing the response to MCT and preventing the 
development of typical asthma, demonstrating that anti-inflammatory 
treatment reduces BHR even in early stages [27].

 Among early risk factors, low birth weight and length seem to 
be associated with the development of BHR. A longitudinal prospec-
tive community-based study with follow-up at the age of 14 years 
has shown that the strongest risk factor for developing BHR was fe-
male sex, probably due to smaller lungs and narrower airway calibre 
[28,29]. Furthermore, it has been documented there may be a possible 
correlation between maternal and/or paternal history of asthma and 
symptoms suggestive of asthma in early life with the subsequent de-
velopment of BHR [30].

 BHR has an increased prevalence in smokers compared to the 
general population and it is likely associated with a dose-dependent 
pattern and with initiation of smoking before 20yrs of age [31]. It is 
uncertain whether BHR is caused by the inhalation of smoke itself, or 
if it is a consequence of the accumulation of smoking-induced airway 
injury. Nevertheless, the high prevalence in older smokers suggests 
that it may develop as an effect of cumulative tissue damage [32]. Fol-
lowing smoking cessation, the severity of BHR may improve, while a 
return to normality is rare [33].

 Most evidence suggests that there is a correlation between BHR 
and obesity, especially in women [34,35]. Burgess et al. revealed 
an independent association between obesity and BHR surprisingly 
demonstrating that the association was significant only in subjects 
with no history of asthma. This correlation can be partly explained by 
small airway closure in obese participants defined as the percentage 
change in forced vital capacity (FVC) from baseline to the end of 
MCT. In fact, obesity can facilitate small airway closure because of 
its mechanical effect on airway diameter, particularly at low volumes 
[36]. Furthermore, the pro-inflammatory status associated with obe-
sity could also affect BHR by altering pulmonary surfactant structure 
and function [37], increasing surface tension at the air-liquid interface 
of small airways and promoting an early closure [38]. Celedòn et al. 
also reported an increased risk of BHR among adult males in families 
living in rural areas [39].

 Acute lower respiratory tract infections (LRTIs) seem to increase 
the risk of BHR development, with viral infections as the most com-
mon agents. Viral infections can induce BHR through the following 
major mechanisms: stimulation of bronchospastic inflammatory me-
diators, imbalance of the autonomic nervous system control of airway 
muscles and aberrant augmentation of the immune responses [40]. 
Regarding the first mechanism, it has been proposed that the suscep-
tibility to viral-induced airway dysfunction is related to a high gene 
expression of IL-4 and IL-5 in the airways and low gene expression of 
IL-2 and INF-γ [24]. This pathway contributes to BHR pathogenesis 
such as submucosal infiltration from activated lymphocytes, eosino-
phils and mast cells [41]. Furthermore, viral infections cause epithe-
lial necrosis in the lower airway, followed by epithelial desquamation 
that enhances BHR and allows the penetration of irritant agents or 
allergens [42,43]. These observations suggest the possibility that re-
spiratory viral infections may induce acute inflammation which caus-
es transient BHR [43,44] as well as recurrent further infections [45].
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Diagnostic Tests
 Airway hyperresponsiveness can be safely and reliably measured 
using challenge tests that expose subjects to stepwise increases in 
stimulus doses while performing pulmonary function tests to obtain a 
bronchoconstrictor dose-response curve [5].

 Direct tests use pharmacological agents such as methacholine, 
histamine, cysteinyl leukotrienes (LTC 4, LTD 4, LTE 4) and pros-
taglandins (PGD2, PGF2, and thromboxane A2), which directly act 
on specific airway smooth muscle receptors provoking airway nar-
rowing [46]. From these, MCT is often the first diagnostic choice. 
Methacholine is a synthetic derivative of acetylcholine and acts on 
muscarinic receptors (M3) in airway smooth muscle [47]. According 
to the American Thoracic Society (ATS) and the European Respira-
tory Society (ERS) Guidelines Task Force, during the challenge, the 
dose or the concentration of methacholine is progressively increased, 
until a fall in FEV1 of ≥20% from baseline is observed. The test is 
defined as diagnostic if the concentration (PC20) or the dose (PD20) 
that caused that reduction, is respectively equal or less than 8 mg/mL 
(PC20 ≤8 mg/mL) or 200 micrograms (PD20 ≤200 mcg) [48]. 

 Histamine is an inflammatory mediator produced by basophils 
and mast cells acting on H1 receptors of airway smooth muscle. His-
tamine produces similar effects to methacholine but is less used in 
clinical practice, due to its frequent side effects such as flushing and 
headaches [5].

 On the other hand, indirect challenge tests use different stimuli 
such as physical exercise, hypertonic saline, hyperpnoea of dry air, 
mannitol and adenosine monophosphate (AMP) to stimulate the re-
lease of inflammatory mediators and induce airway narrowing [6].

 Thanks to its safety and its single standard protocol, the inhaled 
mannitol test is the most used indirect challenge test. It acts by in-
creasing the osmolarity of the airway leading to the release of in-
flammatory mediators from eosinophils and mast cells. Mannitol is 
delivered in several steps through a dry powder inhaler in increasing 
doses up to a cumulative dose of 635mg [49]. The AMP challenge 
is mainly used in research settings due to the absence of an official 
agreement on the performance standard. The AMP binds to specific 
receptors that trigger the release of inflammatory mediators such as 
prostaglandins, leukotrienes, and histamine. It can be performed us-
ing the five-breath dosimeter or the 2 minutes tidal breathing protocol 
with increasing concentrations (up to 300–400 mg/mL) of AMP. The 
test is considered diagnostic when a 20% fall in FEV1 (PC20 AMP) 
is observed [50].

 Exercise challenge testing (ECT) with treadmill, free running, 
or cycle ergometry, is usually adopted to reveal an exercise-induced 
bronchoconstriction (EIB). Even though EIB is one of the bet-
ter-known predictive factors for asthma, [51],  (Figure 1) it can also 
be present in subjects without asthma [52,53]. The ECT test is not 
easy to standardize because of the necessity of dispensing dry air at 
very high flow rates and the requirement of specialized personnel, 
making it difficult to use in daily clinical practice [54, 55].

 Voluntary hyperventilation (EVH) testing requires patient to 
breathe through a bag of dry air enriched with CO2 to avoid problems 
created by hypocapnia. The patient is asked to breathe forcefully for 
at least 6 minutes, simulating an exercise. The test allows patients to 
easily reach high levels of ventilation, which is particularly useful in  

professional athletes. However, the poor control of effort intensity, the 
risk of causing severe bronchoconstriction and environmental factors 
are the major limits of this test [56].

 According to 2023 GINA guidelines, indirect bronchial tests that 
use standardized hyperventilation, hypertonic saline or mannitol are 
defined as diagnostic for BHR when a fall in FEV1≥15% from base-
line is observed while ECT is diagnostic for BHR when a fall of FEV1 
of 10% and 12% predicted from baseline is observed respectively for 
adult and children [57].

 Direct and indirect bronchoprovocation tests are not interchange-
able due to the different underlying mechanisms of action. Direct tests 
have the better negative predictive factor in excluding asthma. In con-
trast indirect tests are more specific in confirming the diagnosis [18]. 

 Small airway disease (SAD) parameters have been recently tested 
to predict BHR [58]. As BHR and SAD are known as markers of 
poor asthma control, Katsoulis and co-workers suggested an equa-
tion which linked the risk of having BHR with Asthma Control Test 
(ACT) values and Impulse Oscillometry (IOS) parameters (i.e., X5) 
[59,60]. Furthermore, Short P. and colleagues found no significant 
differences when directly comparing the effect on IOS measurements 
during MCT and mannitol challenge test with FEV1 decline. For the 
first time these studies introduced IOS as a surrogate of FEV1 during 
BHR challenge tests improving safety and reproducibility [59]. Diag-
nostic tests are resumed in Table 1.

Figure 1: Exercise-Induced Bronchoconstriction (EIB) in athletes.

Direct tests Indirect Tests

Stimuli Methacholine
Histamine

Mannitol 
Exercise

 Voluntary hyperventilation  
Hypertonic saline solution
Adenosine monophosphate

Mechanism Binding specific airway smooth 
muscle receptors (M3 or H1) Releasing inflammatory mediators

Mainly 
dependent 

from

Smooth muscle function and 
airway caliber Airway inflammation

Dose and 
reproduc-

ibility

Dose not limited, easy to 
perform

Dose limited, generally more 
difficult to perform
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BHR and asthma
 Asthma is a chronic inflammatory airway disorder in which many 
cells and cytokines lead to recurrent episodes of wheezing, chest 
tightness and coughing. BHR is often regarded as a ‘hallmark’ of 
asthma and bronchoprovocation testing is frequently performed to 
support the diagnosis. [61,62]. Important insights into the pathogen-
esis of BHR were not obtained until the last few decades introducing 
it as a fundamental tool to identify mild and early onset stages and 
furthermore to assess future risk of developing asthma. Singh et al. 
conducted a study in which 50 symptomatic subjects with normal 
spirometry underwent methacholine and exercise tests. The major-
ity (85%) of them were found to be positive at PC20 of 16mg/ml, 
confirming the high negative predictive value of MCT, as well as its 
value in predicting the development of future clinical asthma [63]. 
Indeed, a two-year follow-up study in young students showed that the 
higher the BHR, the more likely they would develop asthma. About 
45% of asymptomatic school-age subjects with a significative PD20 
developed asthma in the following two years, and 80% of them had 
a history of early respiratory illness [64]. The presence of BHR is 
associated with an underlying airway remodelling process which in-
volves airway structural changes, as already mentioned above (Figure 
2). Histamine challenge test seems to be able to detect airway remod-
elling, particularly ASM hypertrophy which is mostly correlated with 
severe long-term asthma [15, 65].

 With their potential ability to modify the natural history of the 
disease, biological drugs have completely renewed the perspective 
of patients with severe asthma and pioneered the concept of remis-
sion. In this perspective, BHR has regained considerable interest as it 
could represent a treatable key-trait [66]. However, only few studies 
have investigated the impact of biologics on BHR and to date no ap-
proved biological therapy is clearly associated with a BHR improve-
ment [67]. Omalizumab, a humanized anti-IgE monoclonal antibody 
(mAb), is an important option for treating uncontrolled allergic asth-
ma. A randomized controlled trial (RCT) found significant improve-
ments in the provocative dose of acetylcholine required to decrease 
PC20 after 16 weeks of omalizumab in moderate-to-severe aller-
gic asthma [68]. However, in another study including patients with 
mild-to-moderate asthma, near-depletion of airway mucosal IgE and 
eosinophils on bronchial biopsy specimens was not accompanied by 
improvements in methacholine PC20. In mild-to-moderate asthmat-
ics improvement in BHR was considered as a primary outcome, but 
omalizumab did not improve methacholine or AMP PC20 compared 
with placebo after 12 weeks-treatment. [69] Mepolizumab, Reslizum-
ab, and Benralizumab are anti–eosinophilic drugs currently available 
for treating hyper-eosinophilic asthma. As eosinophil concentration 
in bronchoalveolar lavage (BAL) is greater in subjects with asthma 
and a positive MCT, it has been postulated that airway eosinophil 
suppression with the anti−IL-5 monoclonal antibody mepolizumab 
would contribute to BHR attenuation. Conversely, subjects with re-
fractory asthma, did not detect any improvements in methacholine 
AHR after 52 weeks of high-dose intravenous 750mg mepolizumab 
every 4 weeks [70]. In another RCT, subjects with mild asthma did 
not improve BHR after 20 weeks treatment with mepolizumab and, 
despite blood and bronchoalveolar lavage eosinophils being mostly 
suppressed, 50% of airway tissue and bone marrow eosinophils re-
mained with ongoing cell degranulation (as evidenced by persistence 
of major basic protein) [71]. Benralizumab, an anti−IL-5Ra mono-
clonal antibody, showed a significant improvement in mannitol AHR, 
differently from mepolizumab. The discordant results related to the 
two different anti-eosinophilic strategies might be explained by Ben-
ralizumab eosinophils complete depletion in contrast with the merely 
suppression obtained with Mepolizumab, and to the differences in air-
way challenges adopted [67,72]. Dupilumab is a human mAb which 
targets the 𝛼-subunit of the IL-4/13 receptor. It could be reasonable to 
hypothesise that a suppression of IL-13 inflammation would improve 
BHR through its effect on mucus hypersecretion and potentiation of 
airway narrowing. Ongoing RCTs investigating the effect on manni-
tol and methacholine seem to show a reduction of BHR secondary 
to the blockage of IL-4/13 [73]. TSLP is an alarmin of increasing 
scientific interest as it is expressed in the epithelium and submucosa 
and leads to an increase in allergic responses to the bronchial aller-
gen challenge in asthmatics. It is also involved in all the mechanisms 
related to airway remodelling [15,23]. Studies testing Tezepelumab 
(a human IgG2-λ mAb which binds TSLP) effect on asthma, showed 
a reduction in BHR to mannitol in the treatment group compared to 
placebo. Furthermore, a significant proportion of patients in the an-
ti-TSLP arm had a negative mannitol test at the end of treatment. It 
has been hypothesised that the mechanism by which Tezepelumab 
abrogates airway hyperresponsiveness might involve effects on mast 
cell activation together with the reduction in both bronchial and blood 
eosinophils [74,75]. Despite all these findings, the current evidence 
shows that we are far from understanding if BHR can really represent 
a treatable trait in asthmatics and if biological therapies can cover an 
active role in this field, especially in patients with severe disease in 
which structural abnormalities are more rooted [15].

Character-
istics High sensitivity High specificity

Optimal 
utilization

Exclusion of current asthma 
diagnosis

Confirm current asthma diagnosis
Evaluate ICS responsiveness
Monitor therapy effectiveness 

Indications Methacholine: asthma 
diagnosis

Mannitol: ICS responsiveness and 
therapy effectiveness

Exercise: EIB suspected: sports-
men - children

Voluntary hyperventilation: EIB 
suspected: athletes

Hypertonic saline solution: chil-
dren –induced sputum requested

Table 1: Characteristics of direct and indirect BHR test.

Figure 2: Airway remodeling and narrowing: The presence of BHR is associated 
with an underlying airway remodeling process which involves small airway struc-
tural changes such as goblet cell metaplasia, subepithelial deposition of matrix pro-
tein, fibrosis, and overexpression of angiogenic factors and hyperplasia/hypertrophy 
of airway smooth muscle (ASM).
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 Asthma remission is an emerging concept which refers to an opti-
mal clinical and functional control with or without ongoing treatment. 
So far, only heterogeneous expert opinions are available regarding 
this concept and all the definitions are influenced by other chronic 
inflammatory diseases (i.e., connective tissue diseases). Recently, 
an expert consensus framework has proposed a definition of asthma 
remission which includes a negative BHR testing as a criterion for 
complete remission on treatment.[66] Further studies are needed to 
better identify factors which could predict clinical remission with a 
particular focus on the role of BHR.

Conclusions and Future Perspectives

 Over the last decades, BHR has been regarded as a valuable tool 
in supporting diagnosis and predicting asthma development. Recent-
ly, BHR has increasingly attracted new interest because of its rela-
tionship with different agents involved in inflammatory mechanisms, 
especially T2 inflammation, and consequently its ability to predict 
corticosteroid-response. BHR testing is also able to indirectly detect 
structural pathological changes which determine airway remodelling, 
typically involved in disease progression. Then, as the development 
of biologicals has led to a dramatic change in the asthma manage-
ment, BHR is becoming even more relevant. Indeed, it seems to re-
veal immunomodulating activity of these drugs, their effect on re-
storing epithelial damage and finally their implications in terms of 
disease control and remission. Thus, considering all these findings, 
it is reasonable to reconsider the role of BHR as an actual and prom-
ising element increasing diagnostic accuracy, supporting endotyping 
assessment and providing an opportunity to tailor asthma treatment. 
Further studies are needed to fully understand its potential in advanc-
ing personalized asthma assessment.
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