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Abstract

Background: Bronchial hyperresponsiveness (BHR) can be present in subjects

without any respiratory symptoms. Little is known about the role of the small

airways in asymptomatic subjects with BHR.

Methods: We investigated small airway function assessed by spirometry and

impulse oscillometry, as well as Borg dyspnea scores at baseline and during a

methacholine provocation test in 15 subjects with asymptomatic BHR, 15 asthma

patients, and 15 healthy controls.

Results: At baseline, small airway function (R5–R20 and X5) was comparable

between subjects with asymptomatic BHR and healthy controls, whereas asthma

patients showed small airway dysfunction as reflected by higher R5–R20 and

lower X5 values. During methacholine provocation, small airway dysfunction was

more severe in asthma patients than in subjects with asymptomatic BHR.

Interestingly, a higher increase in small airway dysfunction during methacholine

provocation was associated with a higher increase in Borg dyspnea scores in

subjects with asymptomatic BHR, but not in asthma patients.

Conclusion: Subjects with asymptomatic BHR may experience fewer symptoms in

daily life because they have less small airway dysfunction.

Bronchial hyperresponsiveness (BHR) is defined as exagger-

ated airway narrowing in response to various nonspecific

stimuli such as fog, perfume, or cold air. Although BHR is a

hallmark of asthma, it has been reported that subjects with-

out any respiratory symptoms may also exhibit BHR. In a

review by Jansen et al. (1), a prevalence rate between 2.2 and

14.3% of this so-called ‘asymptomatic BHR’ was reported.

Asymptomatic BHR is associated with an increased risk to

develop asthma later in life (2–5).
The reason why some subjects do not have any respiratory

symptoms even though they do exhibit BHR is not clear,

although several possible explanations have been investigated

in the past decades, including the presence and extent of

airway inflammation, airway remodeling, and decreased

perception of symptoms (6–9). Thus far, studies investigating

asymptomatic BHR have focused mainly on the large air-

ways. In recent years, there is increasing evidence that the

small airways (i.e., those with an internal diameter < 2 mm)

are also involved in BHR and contribute importantly to the

clinical expression of asthma (10–15). Mansur et al. (16)

showed that small airway dysfunction during a methacholine

provocation was associated with increased dyspnea percep-

tion in asthma patients.

In line with these recently found associations between

small airway dysfunction, BHR, and asthma symptoms, we

hypothesized that subjects with asymptomatic BHR have

more small airway dysfunction than healthy controls, but less

small airway dysfunction than subjects with symptomatic

BHR, that is, patients with asthma. To investigate this, we

performed a cross-sectional study measuring large and small

airway function, both at baseline and during methacholine

provocation, in subjects with asymptomatic BHR, patients

with asthma, and healthy controls.

Methods

Study design

We performed a three-arm, cross-sectional, observational

study. The three arms were controls (subjects without BHR,
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no respiratory symptoms, and no history of asthma or

COPD), asymptomatic subjects with BHR (subjects with

BHR, but without respiratory symptoms and no history of

asthma or COPD), and asthma patients (subjects with BHR

and a doctor’s diagnosis of asthma). Subjects with asymp-

tomatic BHR were available from a previous study aiming to

obtain normal values of inflammatory variables in healthy

individuals (the NORM study, NCT 00848406). During

screening for the NORM study, these subjects, who were

completely asymptomatic, showed BHR during a methacho-

line provocation test. For this reason, they were excluded

from the NORM study. This observation led us to design the

current study. We included subjects aged 18–65 years with a

smoking history <10 pack-years. BHR was defined as a pro-

vocative concentration of methacholine inducing a 20% fall

in FEV1 (PC20) ≤ 8 mg/ml. Absence of BHR was defined as

a PC20 > 16 mg/ml. Respiratory symptoms were assessed as

in a previous study (17). Briefly, asymptomatic subjects

reported no symptoms of chronic cough or phlegm produc-

tion, no shortness of breath when walking on level ground,

and no attacks of shortness of breath. Each subject was eval-

uated during two visits to our hospital. The study was

approved by the Medical Ethics Committee of the University

Medical Center Groningen, and all subjects gave their written

informed consent.

Pulmonary function tests

Spirometry was performed according to international guide-

lines before and after administering 400 lg salbutamol (18).

Forced expiratory volume in 1 s (FEV1), forced vital capacity

(FVC), FEV1/FVC, and forced expiratory flow at 50% and

between 25 and 75% of FVC (FEF50 and FEF25–75, respec-

tively) were obtained. Reversibility to salbutamol was

expressed as the change in FEV1 between the pre- and post-

bronchodilator values as percentage of the predicted value.

Impulse oscillometry (IOS) was used to measure the resis-

tance at 5 Hz (R5), which reflects total airway resistance, the

resistance at 20 Hz (R20), which reflects the resistance in the

large airways, and the difference between R5 and R20

(R5–R20), reflecting the resistance in the small airways. In

addition, reactance at 5 Hz (X5) was measured, which reflects

elastic properties of the small airways. Body plethysmogra-

phy was used to measure total lung capacity (TLC), residual

volume (RV), and airway resistance (Raw).

Methacholine provocation with IOS and Borg dyspnea score

Methacholine provocation was performed according to the

2-minute tidal breathing method adapted from Crapo et al.

(19). Subjects inhaled doubling concentrations of methacho-

line (0.03–16 mg/ml). After each inhalation, the FEV1 was

measured, impulse oscillometry was performed, and the

subjects were asked to score their perception of dyspnea by

means of the modified Borg scale (20). This scale ranges

from 0 (no dyspnea) to 10 (maximal dyspnea). The chal-

lenge was discontinued when the FEV1 had fallen by 20%

or more from the prechallenge level or when the highest

concentration of methacholine had been administered. PC20

was calculated by linear interpolation between the last two

data points of the logarithmic concentration–response
curve.

Questionnaires

All subjects filled out the Dutch version of the bronchial

hyperresponsiveness questionnaire (BHQ) and the asthma

control questionnaire (ACQ). The BHQ consists of 15 ques-

tions about symptoms and 19 questions about provoking

stimuli associated with bronchial hyperresponsiveness in the

last 3 months (0: no BHR, 6: worst score). The ACQ is used

to assess asthma control (0: best control, 6: worst control)

(21, 22).

Statistical analyses

Statistical analyses were performed using IBM SPSS Statis-

tics, version 20 (IBM Corporation, Armonk, NY, USA). To

analyze changes during methacholine provocation between

the three groups, we calculated the slopes of FEV1, R5–R20,

X5, R20, and the Borg dyspnea score between the baseline

measurement and the measurement at the last concentration

of methacholine. A slope reflects the degree of change in a

variable per mg/ml methacholine. In addition, to assess small

airway dysfunction and dyspnea at the moment FEV1 had

fallen by 20%, we calculated values at PC20 for R5–R20, X5,

R20, and the Borg dyspnea score in subjects with a positive

provocation test, that is, subjects with asymptomatic BHR

and asthma patients. Values at PC20 were calculated by inter-

polating between the second-to-last and the last value, similar

to the way the PC20 is calculated (19). Baseline values, slopes,

and values at PC20 in the groups were compared by one-way

analysis of variance (ANOVA) or Kruskal– Wallis tests with

post hoc Holm’s Bonferroni correction for multiple testing.

To assess the association between changes in IOS parameters

and change in dyspnea during a provocation test, we per-

formed Spearman’s correlation analyses.

Results

Baseline characteristics

A total of 45 subjects were included in the study: 15 healthy

controls, 15 subjects with asymptomatic BHR, and 15

asthma patients. The baseline characteristics of the three

groups are presented in Table 1. The median age was

26 years in the control group, 24 years in the asymptomatic

BHR group, and 45 years in the asthma group. Body mass

index (BMI) was significantly higher in asthma patients than

in subjects with asymptomatic BHR and healthy controls.

The PC20 methacholine was comparable between subjects

with asymptomatic BHR and asthma.

There were no differences in small airway parameters

between controls and subjects with asymptomatic BHR.

Asthma patients had a significantly higher R5–R20 and a

lower X5, that is, more small airway dysfunction, than
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subjects with asymptomatic BHR and controls. Small airway

airflow limitation reflected by FEF50% predicted and

FEF25–75% predicted did not differ between the groups.

Large airway parameters (FEV1% predicted and R20) were

comparable between the three groups. Scores on respiratory

symptom questionnaires did not differ between controls and

subjects with asymptomatic BHR, but were significantly

higher in asthma patients. Because patients with asthma

had a higher BMI than healthy controls and subjects with

asymptomatic BHR, we investigated whether this would

affect our main results. To this end, we also assessed the

obese (BMI ≥ 30 kg/m2) and nonobese (BMI < 30 kg/m2)

asthma patients separately. This way, we found similar

results; that is, R5–R20 values were higher in both obese

and nonobese asthma patients compared with subjects with

asymptomatic BHR (P < 0.001 and P = 0.025, respectively),

whereas X5-values were lower (P = 0.033 and P = 0.010,

respectively).

Small airways and dyspnea score during methacholine

provocation

During methacholine provocation, small airway resistance as

reflected by the slopes of R5–R20 and X5 increased to a

higher extent in subjects with asymptomatic BHR and

asthma than in controls (Table 2). Subjects with asymptom-

atic BHR had significantly higher slopes of R20 than healthy

controls. Furthermore, dyspnea increased significantly more

both in subjects with asthma and asymptomatic BHR during

the methacholine provocation test; that is, they had a higher

slope of the Borg dyspnea score than healthy controls. There

were no significant differences in the slopes of FEV1, R5–R20,

R20, X5, and Borg dyspnea score between patients with

asthma and subjects with asymptomatic BHR during meth-

acholine provocation.

At the provocative concentration causing the FEV1

to drop by 20% (i.e., PC20), significantly higher values of

Table 1 Baseline characteristics of the study population

Controls (n = 15) Asymptomatic BHR (n = 15) Asthma (n = 15) P-value

Age (years) 26* (23; 32) 24* (23; 28) 45 (36; 52) 0.005

Gender (female/male) 10/5 12/3 13/2 0.407

Smoking (n, %) 0.043

Current 5 (33) 8 (53) 2 (13)

Ex – 1 (7) 4 (27)

Never 10 (67) 6 (40) 9 (60)

Packyears 5.6 (1.9; 8.3) 2.5 (1.3; 8.7) 4.7 (2.8; 8.9) 0.773

Family history of asthma (n, %) 4* (27) 5* (33) 13 (87) 0.002

Allergic rhinitis (n, %) 1* (7) 3 (20) 9 (60) 0.008

Body Mass Index (kg/m2)‡ 21.6* (20.6; 25.5) 22.5* (20.8; 26.6) 30.9 (28.4; 37.7) <0.001

PC20 (mg/ml)† – 1.9 (0.6; 8.0) 1.4 (0.04; 8.0) 1.000

FEV1 (% predicted)‡ 106 (10) 103 (14) 101 (15) 0.566

FEV1 reversibility (% predicted) 1.8 (0.8; 4.1) 5.6 (3.0; 8.4) 5.0 (1.1; 9.4) 0.064

FEV1 /FVC (%) 82.6 (79.0; 89.2) 82.7 (73.5; 89.5) 76.5 (67.4; 85.1) 0.110

FEF50 (% predicted)‡ 92 (18) 85 (23) 76 (29) 0.179

FEF50/FVC ((l/s)/s) 0.97 (0.76; 1.13) 0.91 (0.65; 1.08) 0.74 (0.54; 1.13) 0.346

FEF25–75 (% predicted) 95 (80; 112) 83 (59; 101) 69 (44; 114) 0.231

FEF25–75/FVC ((l/s)/s) 0.83 (0.68; 1.04) 0.78 (0.58; 0.96) 0.62 (0.40; 1.00) 0.242

RV/TLC (% predicted) 88 (74; 97) 88 (77; 99) 90 (82; 110) 0.561

Raw (% predicted) 80* (61; 91) 73* (66; 94) 120 (80; 193) 0.007

R5 (kPa/l/s) 0.32* (0.27; 0.41) 0.35* (0.31; 0.40) 0.54 (0.41; 0.65) <0.001

R20 (kPa/l/s)‡ 0.33 (0.08) 0.35 (0.09) 0.38 (0.06) 0.097

R5-R20 (kPa/l/s) 0.00* (�0.01; 0.01) 0.02* (�0.01; 0.05) 0.12 (0.05; 0.25) <0.001

X5 (kPa/l/s) �0.07* (�0.09; �0.05) �0.10* (�0.11; �0.06) �0.16 (�0.23; �0.10) <0.001

Questionnaires

BHQ 0.0* (0.0–0.2) 0.2* (0.0–0.4) 2.4 (1.8–3.1) <0.001

ACQ 0.0* (0.0–0.0) 0.0* (0.0–0.2) 0.7 (0.3–1.5) <0.001

All values are presented as medians with interquartile ranges, unless stated otherwise.

ACQ, asthma control questionnaire (0: best control, 6: worst control); BHR, bronchial hyperresponsiveness; BHQ, bronchial hyperresponsive-

ness questionnaire (0: no BHR, 6: worst score); FEV1, forced expiratory volume in 1 s; FEF50, forced expiratory flow at 50% of the FVC;

FEF25–75, forced expiratory flow between 25 and 75% of the FVC; FVC, forced vital capacity; PC20, provoking concentration causing a

20% fall in FEV1; R5, resistance at 5 Hz; R20, resistance at 20 Hz; Raw, airway resistance; RV, residual volume; TLC, total lung capacity;

X5, reactance at 5 Hz.

*Significantly different from asthma with Holm’s Bonferroni correction.

†Geometric mean with range.

‡Mean with standard deviation.

© 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

Boudewijn et al. Small airway function in asymptomatic BHR



R5–R20 and lower values of X5 were observed in asthma

patients than in subjects with asymptomatic BHR (median

R5–R20 0.43 vs 0.17, respectively, Fig. 1A; median X5 �0.45

vs �0.20, respectively, Fig. 1B), suggesting that asthma

patients have more small airway dysfunction than subjects

with asymptomatic BHR at a similar fall in FEV1. Interest-

ingly, R20 did not differ between the groups at PC20 (median

0.41 in both groups, Fig. 1C). At PC20, all asthma patients

and some subjects with asymptomatic BHR experienced

dyspnea, but asthma patients experienced significantly more

dyspnea than subjects with asymptomatic BHR (median Borg

score 3.4 vs 1.4, respectively, Fig. 1D).

Association between small airway dysfunction and

dyspnea score

In asymptomatic BHR, the increase in Borg dyspnea score

from baseline to PC20 (DBorg score) was significantly associ-

ated with the concomitant increase in small airway dysfunc-

tion as reflected by both the increase in R5–R20 (DR5–R20)

and the decrease in X5 (DX5) (Fig. 2A–D). This was not the

case in asthmatics. In contrast, an increase in large airway

function, that is, a change in R20 (DR20), was not correlated

with the DBorg dyspnea score neither in patients with asthma

nor in individuals with asymptomatic BHR (Fig. 2E–F).

Discussion

The present study shows that subjects with asymptomatic

BHR have a similar level of small airway function at baseline

compared with healthy controls, whereas asthma patients

show small airway dysfunction. During methacholine provo-

cation, small airway dysfunction increases more in subjects

with asymptomatic BHR and asthma than in healthy con-

trols. At a 20% fall in FEV1, subjects with asymptomatic

BHR have less small airway dysfunction than asthma

patients. The increase in large airway dysfunction, as

reflected by the change in R20, is not associated with the

increase in dyspnea during methacholine provocation either

in subjects with asymptomatic BHR or in patients with

asthma. In contrast and of importance, a higher increase

in small airway dysfunction during the provocation test

associates with more worsening of dyspnea in subjects with

asymptomatic BHR, whereas this is not the case in asthma

patients.

We show that the level of small airway resistance at base-

line is similar in subjects with asymptomatic BHR and in

controls. This is in line with two other studies (23, 24), in

which no baseline differences in small airway resistance and

small airway inflammation between asymptomatic subjects

with BHR and allergic rhinitis and controls were found. In

contrast, we found an increase in small airway resistance in

asthma patients at baseline. In line with this, Tufvesson et al.

reported that the baseline level of exhaled alveolar nitric

oxide, an indicator of small airway inflammation, was signifi-

cantly higher in asthma patients than in subjects with asymp-

tomatic BHR or controls (24). We extended the findings of

previous studies by additionally analyzing changes in small

airway function during methacholine provocation. Interest-

ingly, we found that small airway dysfunction, as reflected by

the slopes of R5–R20 and X5, increased more in subjects with

asymptomatic BHR and asthma than in healthy controls.

These results are in line with those of Aronsson et al. (23),

showing that small airway resistance (i.e., the slope of

R5–R20) during methacholine provocation increased the most

in subjects with allergic rhinitis and asthma, followed by

asymptomatic subjects with allergic rhinitis and BHR and

finally subjects with allergic rhinitis without BHR. Thus, a

methacholine provocation test induces small airway dysfunc-

tion not only in patients with asthma, but also in subjects

with asymptomatic BHR.

Besides the change in small airway parameters during

methacholine provocation, we also investigated the level of

small airway dysfunction at a 20% fall in FEV1, that is, at

PC20. At PC20, we observed a higher degree of small airway

dysfunction (a higher R5–R20 and lower X5) in patients with

asthma than in subjects with asymptomatic BHR. Of interest,

large airway resistance (R20) increased only slightly during

provocation and did not differ between asthma patients and

subjects with asymptomatic BHR at PC20. Next, we investi-

gated the perception of dyspnea during methacholine provo-

cation. As could be expected, Borg dyspnea scores were

significantly lower in subjects with asymptomatic BHR than

in asthma patients at PC20 (9, 25–27). Nevertheless, some

subjects with asymptomatic BHR did experience an impor-

tant increase in their Borg dyspnea score at the time their

Table 2 Changes in variables during methacholine provocation

Control (n = 15) Asymptomatic BHR (n = 15) Asthma (n = 15) P-value

Slope FEV1 (l/mg/ml) �0.02 (�0.03; �0.01) �0.44* (�0.75; �0.18) �0.38* (�0.60; �0.09) <0.001

Slope R5�R20 (kPa/l/s)/(mg/ml) 0.00 (0.00; 0.01) 0.06* (0.02; 0.13) 0.13* (0.04; 0.56) <0.001

Slope X5 (kPa/l/s)/(mg/ml) 0.00 (�0.01; 0.00) �0.05* (�0.14; �0.02) �0.17* (�0.46; �0.04) <0.001

Slope R20 (kPa/l/s)/(mg/ml) 0.00 (0.00; 0.01) 0.02* (0.01; 0.04) 0.01 (0.00; 0.05) 0.049

Slope Borg (score/mg/ml) 0.06 (0.00; 0.13) 1.00* (0.25; 1.00) 1.38* (0.53; 2.19) <0.001

All values are presented as medians with interquartile ranges.

BHR, bronchial hyperresponsiveness; FEV1, forced expiratory volume in 1 s; R5, resistance at 5 Hz; R20, resistance at 20 Hz; X5, reactance

at 5 Hz.

*Significantly different from controls (P < 0.05 after Holm’s Bonferroni correction).
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FEV1 had dropped by ≥20%. This was a remarkable finding

because these subjects were considered to be asymptomatic in

their daily lives. However, it is in line with previous studies

that also found subjects with asymptomatic BHR to report

symptoms during a provocation test, albeit to a smaller

extent than patients with asthma (25, 26). A possible expla-

nation for this observation may be that subjects participating

in a study like ours are more attentive than usual to report

dyspnea during a provocation test. Alternatively, it could be

argued that these subjects may not encounter stimuli in their

daily lives that cause bronchoconstriction as severe as occurs

during a methacholine provocation. In this study, they were

explicitly asked whether they experienced dyspnea, and possi-

bly, they would not have considered this sensation as dysp-

nea in their daily lives. Another possible explanation could

be that subjects with asymptomatic BHR are usually not or

only minimally exposed to stimuli and therefore do not expe-

rience dyspnea in their daily lives. Interestingly, the increase

in dyspnea during provocation (DBorg score at PC20) in sub-

jects with asymptomatic BHR was significantly associated

with the increase in small airway dysfunction (DR5–R20 and

DX5, Fig. 2A and Fig. 2C), supporting the hypothesis that the

dyspnea sensation is influenced by the small airways. In con-

trast to our expectations, we did not find an association

between the DBorg score and the increase in small airway dys-

function in asthma patients. It is possible that no association

A B

C D

Figure 1 Impulse oscillometry (IOS) measurements and Borg

dyspnea scores at PC20. (A) R5–R20, (B) X5, (C) R20, and (D) Borg

dyspnea score for subjects with asymptomatic BHR (●) and asthma

patients (s) at PC20. The lines represent medians. NS = not

significant; PC20 = provoking concentration causing a 20% fall in

FEV1; R5 = resistance at 5 Hz, R20 = resistance at 20 Hz, X5 = reac-

tance at 5 Hz.
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was found in the asthma patients due to the limited size of

this group in our study, as an association between dyspnea

and small airway dysfunction during provocation in asthma

patients has been found previously (16).

A strength of our study was the comparison between sub-

jects with asymptomatic BHR and both controls and asthma

patients. By comparing these three groups on several parame-

ters, we not only obtained a broad overview of subjects with

asymptomatic BHR alone, but were also able to put these

results in perspective with respect to the two other groups. A

limitation of the study is the relatively small size of the study

population, which may have limited some variables to show

a significant difference between the groups. Interestingly, sub-

jects with asymptomatic BHR were frequently female,

although female prevalence did not significantly differ

between the three groups. This is in line with several studies

showing that BHR is more common and more severe in

women than in men, and this may also be the case for

asymptomatic BHR (28, 29). Furthermore, asthma patients

had a higher BMI than healthy controls and subjects with

asymptomatic BHR. It has been reported that obese asthmat-

ics have higher airway resistance and lower airway reactance

than nonobese asthma patients (30). To investigate whether

the higher BMI in asthma patients may have influenced our

results, we analyzed the small airway resistance in obese and

nonobese asthma patients separately. We found that in both

obese and nonobese asthma patients, small airway dysfunc-

tion was higher than in subjects with asymptomatic BHR.

Based on this outcome, we think it unlikely that the higher

BMI in asthma patients will have influenced our results.

Finally, we provoked the airways with relatively large-

particle methacholine, which will deposit mostly in the

A B

C D

E F

Figure 2 Correlation between the change in Borg dyspnea score

(DBorg score) and change in impulse oscillometry (IOS) measure-

ments at PC20 in asymptomatic BHR and asthma. (A) DR5–R20 in

asymptomatic BHR, (B) DR5–R20 in asthma, (C) DX5 in asymptom-

atic BHR, (D) DX5 in asthma, (E) DR20 in asymptomatic BHR, (F)

DR20 in asthma. rs = Spearman’s correlation coefficient; PC20 =

provoking concentration causing a 20% fall in FEV1; R5 = resis-

tance at 5 Hz, R20 = resistance at 20 Hz, X5 = reactance at 5 Hz.
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large airways. It would be interestingly to provoke also the

small airways with small-particle methacholine or other stim-

uli such as AMP, as has been done previously in the study of

Cohen et al. (31).

In conclusion, our study shows that baseline small airway

function of subjects with asymptomatic BHR is comparable

to that of healthy controls, whereas asthma patients show

small airway dysfunction. However, during provocation, the

small airways of subjects with asymptomatic BHR and those

of asthma patients respond similarly. This results in signifi-

cantly more small airway dysfunction at a 20% fall in FEV1

in asthma patients than in subjects with asymptomatic BHR.

We speculate that subjects with asymptomatic BHR experi-

ence less symptoms in their daily lives because they have less

small airway dysfunction.

Author contributions

Ilse M. Boudewijn, Erica van der Wiel, Lieke Schiphof, Nick

H.T. ten Hacken, Thys van der Molen, Eef D. Telenga, and

Maarten van den Berge contributed to data collection. Ilse M.

Boudewijn performed the statistical analyses under the super-

vision of Eef D. Telenga, Dirkje S. Postma, and Maarten van

den Berge. All authors contributed to interpretation of the

data. Ilse M. Boudewijn wrote the first draft of manuscript

under the supervision of Eef D. Telenga, Dirkje S. Postma,

and Maarten van den Berge, which was then critically

reviewed and approved by all authors.

Conflict of interest

Dr. M. van den Berge has received grants from Chiesi and

Teva Pharma. Professor D. S. Postma has received consulting

fees from Astra Zeneca, Boehringer Ingelheim, Chiesi,

Nycomed, and Teva. Professor D. S. Postma has received

grants or has grants pending from Chiesi and AstraZeneca.

Professor T. van der Molen has received consulting fees from

Chiesi, AstraZeneca, and Novartis; he received a grant or

has grants pending from MSD and Allmiral and has received

payment for lectures from Novartis and Chiesi. Professor

T. van der Molen received royalties from Mapi. Dr. N. H. T.

ten Hacken received grants from Chiesi and Nycomed. Drs.

E. D. Telenga and L. Schiphof received grants from Chiesi.

Drs. I. M. Boudewijn and E van der Wiel have no potential

conflicts of interest to declare.

References

1. Jansen DF, Timens W, Kraan J, Rijcken B,

Postma DS. (A)symptomatic bronchial

hyper-responsiveness and asthma. Respir

Med 1997;91:121–134.

2. Laprise C, Boulet LP. Asymptomatic airway

hyperresponsiveness: a three-year follow-up.

Am J Respir Crit Care Med 1997;156(2 Pt

1):403–409.

3. Brutsche MH, Downs SH, Schindler C,

Gerbase MW, Schwartz J, Frey M et al.

Bronchial hyperresponsiveness and the devel-

opment of asthma and COPD in asymptom-

atic individuals: SAPALDIA cohort study.

Thorax 2006;61:671–677.

4. Rasmussen F, Taylor DR, Flannery EM,

Cowan JO, Greene JM, Herbison GP et al.

Outcome in adulthood of asymptomatic air-

way hyperresponsiveness in childhood: a lon-

gitudinal population study. Pediatr Pulmonol

2002;34:164–171.

5. Porsbjerg C, von Linstow ML, Ulrik CS,

Nepper-Christensen SC, Backer V. Outcome

in adulthood of asymptomatic airway hyper-

responsiveness to histamine and exercise-

induced bronchospasm in childhood. Ann

Allergy Asthma Immunol 2005;95:137–142.

6. Betz R, Kohlhaufl M, Kassner G, Mullinger

B, Maier K, Brand P et al. Increased sputum

IL-8 and IL-5 in asymptomatic nonspecific

airway hyperresponsiveness. Lung

2001;179:119–133.

7. Laprise C, Laviolette M, Boutet M, Boulet

LP. Asymptomatic airway hyperresponsive-

ness: relationships with airway inflammation

and remodelling. Eur Respir J 1999;14:63–73.

8. Sohn SW, Chang YS, Lee HS, Chung DH,

Lee CT, Kim YH et al. Atopy may be an

important determinant of subepithelial

fibrosis in subjects with asymptomatic

airway hyperresponsiveness. J Korean Med

Sci 2008;23:390–396.

9. Boulet LP, Turcotte H. Lung hyperinflation,

perception of bronchoconstriction and air-

way hyperresponsiveness. Clin Invest Med

2007;30:2–11.

10. van den Berge M, ten Hacken NH, Cohen J,

Douma WR, Postma DS. Small airway dis-

ease in asthma and COPD: clinical implica-

tions. Chest 2011;139:412–423.

11. Currie GP, Jackson CM, Lee DK, Lipworth

BJ. Determinants of airway hyperresponsive-

ness in mild asthma. Ann Allergy Asthma

Immunol 2003;90:560–563.

12. Aronsson D, Tufvesson E, Bjermer L.

Comparison of central and peripheral airway

involvement before and during methacho-

line, mannitol and eucapnic hyperventilation

challenges in mild asthmatics. Clin Respir J

2011;5:10–18.

13. Segal LN, Goldring RM, Oppenheimer BW,

Stabile A, Reibman J, Rom WN et al.

Disparity between proximal and distal

airway reactivity during methacholine

challenge. COPD 2011;8:145–152.

14. Farah CS, King GG, Brown NJ, Downie

SR, Kermode JA, Hardaker KM et al.

The role of the small airways in the

clinical expression of asthma in adults.

J Allergy Clin Immunol 2012;129:

381–387.

15. Shi Y, Aledia AS, Tatavoosian AV,

Vijayalakshmi S, Galant SP, George SC.

Relating small airways to asthma control by

using impulse oscillometry in children.

J Allergy Clin Immunol 2012;129:671–678.

16. Mansur AH, Manney S, Ayres JG. Meth-

acholine-induced asthma symptoms correlate

with impulse oscillometry but not spirome-

try. Respir Med 2008;102:42–49.

17. Jansen DF, Rijcken B, Schouten JP, Kraan

J, Weiss ST, Timens W et al. The relation-

ship of skin test positivity, high serum total

IgE levels, and peripheral blood eosinophilia

to symptomatic and asymptomatic airway

hyperresponsiveness. Am J Respir Crit Care

Med 1999;159:924–931.

18. Miller MR, Hankinson J, Brusasco V,

Burgos F, Casaburi R, Coates A et al.

Standardisation of spirometry. Eur Respir J

2005;26:319–338.

19. Crapo RO, Casaburi R, Coates AL, Enright

PL, Hankinson JL, Irvin CG et al. Guide-

lines for methacholine and exercise challenge

testing-1999. This official statement of the

American Thoracic Society was adopted by

the ATS Board of Directors, July 1999. Am

J Respir Crit Care Med 2000;161:309–329.

20. Borg G. Borg’s perceived exertion and pain

scales. Champaign, IL: Human Kinetics

Publishers; 1998.

21. Riemersma R, Postma D, Kerstjens H,

Buijssen K, Boezen M, Aalbers R et al.

Development of a questionnaire for the

assessment of bronchial hyperresponsiveness.

Prim Care Respir J 2009;18:287–293.

© 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

Boudewijn et al. Small airway function in asymptomatic BHR



22. Juniper EF, O’Byrne PM, Guyatt GH,

Ferrie PJ, King DR. Development and vali-

dation of a questionnaire to measure asthma

control. Eur Respir J 1999;14:902–907.

23. Aronsson D, Tufvesson E, Ankerst J, Bjer-

mer L. Allergic rhinitis with hyper-respon-

siveness differ from asthma in degree of

peripheral obstruction during metacholine

challenge test. Clin Physiol Funct Imaging

2008;28:81–85.

24. Tufvesson E, Aronsson D, Ankerst J,

George SC, Bjermer L. Peripheral nitric

oxide is increased in rhinitic patients with

asthma compared to bronchial hyperrespon-

siveness. Respir Med 2007;101:2321–2326.

25. Boulet LP, Prince P, Turcotte H, Lemiere C,

Olivenstein R, Laprise C et al. Clinical

features and airway inflammation in mild

asthma versus asymptomatic airway hyperre-

sponsiveness. Respir Med 2006;100:292–299.

26. Yoshikawa T, Kanazawa H. Phenotypic

differences between asymptomatic airway

hyperresponsiveness and remission of

asthma. Respir Med 2011;105:24–30.

27. Brand PL, Rijcken B, Schouten JP, Koeter

GH, Weiss ST, Postma DS. Perception of

airway obstruction in a random population

sample. Relationship to airway hyperre-

sponsiveness in the absence of respiratory

symptoms. Am Rev Respir Dis 1992;146:

396–401.

28. Collins RA, Parsons F, Deverell M, Hollams

EM, Holt PG, Sly PD. Risk factors for

bronchial hyperresponsiveness in teenagers

differ with sex and atopic status. J Allergy

Clin Immunol 2011;128:301–307.

29. Tantisira KG, Colvin R, Tonascia J, Strunk

RC, Weiss ST, Fuhlbrigge AL et al. Airway

responsiveness in mild to moderate child-

hood asthma: sex influences on the natural

history. Am J Respir Crit Care Med

2008;178:325–331.

30. Farah CS, Kermode JA, Downie SR, Brown

NJ, Hardaker KM, Berend N et al. Obesity

is a determinant of asthma control indepen-

dent of inflammation and lung mechanics.

Chest 2011;140:659–666.

31. Cohen J, Postma DS, Douma WR, Vonk

JM, De Boer AH, ten Hacken NH. Particle

size matters: diagnostics and treatment of

small airways involvement in asthma. Eur

Respir J 2011;37:532–540.

© 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

Small airway function in asymptomatic BHR Boudewijn et al.


