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Background: Bronchial hyperresponsiveness (BHR) 
is a fundamental pathophysiological characteristic of 
asthma. Although several factors such as airway caliber 
can affect BHR, no study has established age-dependent 
cutoff values of BHR to methacholine for the diagnosis of 
asthma in children. We investigated the cutoff values of 
the methacholine challenge test (MCT) in the diagnosis of 
asthma according to age.

Methods: A total of 2383 individuals aged from 6 to 
15 years old were included in this study. MCTs using the 
five-breath technique were performed in 350 children 
with suspected asthma based on symptoms by pediatric 
allergists and in 2033 healthy children from a general 
population-based cohort. We determined the provocative 
concentration of methacholine producing a 20% decrease in 
forced expiratory volume in 1 second from baseline (PC20). 
A modified Korean version of the International Study of 
Asthma and Allergies in Childhood questionnaire was used 
to distinguish asthmatics and healthy subjects. Receiver-
operator characteristic curve analysis was used to assess the 
cutoff value of PC20 for the diagnosis of asthma.

Results: Cutoff values of methacholine PC20, which 
provided the best combination of diagnostic sensitivity and 
specifi city, showed an increasing pattern with age: 5.8, 9.1, 
11.8, 12.6, 14.9, 21.7, 23.3, 21.1, 21.1, and 24.6 mg/mL at 
ages 6, 7, 8, 9, 10, 11, 12, 13, 14, and 15 years, respectively.

Conclusion: The application of different cutoff values 
of methacholine PC20 depending on age might be a practical 
modification for the diagnosis of asthma in children and 
adolescents with asthmatic symptoms.
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Introduction

Bronchial hyperresponsiveness (BHR), the exaggerated 
narrowing of the airways from exposure to various 
stimuli, and airway inflammation are the two 

fundamental pathophysiological features of asthma. For 
this reason, measurement of BHR through bronchial 
provocation tests is required in the diagnosis of asthma.[1] 
Assessment of BHR in children complaining of recurrent 
episodes of wheezing, breathlessness, chest tightness, 
or paradoxical cough may help to diagnose asthma, 
especially when reversible airfl ow is not demonstrated.[2]

Methacholine challenge test (MCT) is a direct 
bronchoprovocation test to evaluate airway hyperrespon-
siveness.[3] Methacholine causes airfl ow limitation resulting 
from airway smooth muscle contraction via stimulation 
of muscarinic M3 receptors. According to the American 
Thoracic Society (ATS) guidelines, >16 mg/mL of 
methacholine PC20, which means a 20% fall in forced 
expiratory volume in 1 second (FEV1) from the baseline 
value after inhaling methacholine stepwise up to the 
maximum concentration, is considered for the exclusion of 
BHR.[3] As various factors such as sex, age, or air pollution 
can affect the results of BHR,[4] the application of a uniform 
reference value for MCT as recommended by the ATS in 
the diagnosis of asthma is done cautiously.
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Although spirometry plays a key role in the diagnosis 
and monitoring of asthma, inconclusive spirometry results 
require further objective measures, including BHR, for the 
diagnosis of asthma.[2] When the parameters of spirometry 
do not satisfy the criteria for the diagnosis of asthma when 
asthma is clinically suspected, application of more practical 
cutoff values of MCT may be helpful for a more accurate 
diagnosis of asthma. Although several studies have shown 
a normal distribution of BHR to methacholine challenge 
in a general population[5,6] and suggested a new diagnostic 
value of MCT in asthmatic adults,[7,8] there have been no 
studies to determine the cutoff value of MCT for age-
dependent diagnosis of asthma in children with asthmatic 
symptoms. The primary aim of this study was to evaluate 
the cutoff value of methacholine PC20 indicative of asthma 
according to age in children with a diagnostic suspicion of 
asthma.

Methods
Study population
A total of 2383 subjects aged from 6 to 15 years old 
were included in this study. From January 2009 to 
December 2012, 350 children visited the Childhood 
Atopy Asthma Center at Asan Medical Center 
complaining of asthmatic symptoms such as recurrent 
episodes of wheezing, breathlessness, chest tightness, 
and paradoxical cough, and they were diagnosed with 
asthma by pediatric allergists. As a control group, 
2033 healthy children were included from a general 
population-based cohort, who were from the Study 
for Standardization in Allergic Diseases in Seoul with 
no asthma symptoms, diagnosis, or asthma treatment. 
MCTs were performed for all subjects. Written consent 
was obtained from all parents or guardians, and the 
study was approved by the Institutional Review Board 
of Asan Medical Center, Ulsan University College of 
Medicine, Seoul, Korea.

Methacholine challenge test
Subjects were excluded from this study if they had a 
history of upper or lower respiratory tract infection 
during the three weeks prior to MCT or inhaled 
corticosteroid therapy at least four weeks before the 
MCT. All subjects avoided bronchodilator treatment for 
at least 8-24 hours as appropriate according to the ATS 
guidelines.[3] In addition, coffee, tea, cola drinks, and 
chocolate, which can decrease BHR, were avoided on 
the day of MCT by all of the participants.[3]

MCTs were based on the modified five-breath 
dosimeter technique and a dosing schedule using 
methacholine concentrations of 0.625, 1.25, 2.5, 5, 10, and 
25 mg/mL.[3] Fresh preparations of methacholine were 

provided to accurately produce these concentrations. 
The test ended when a fall in FEV1 values to ≥20% of 
the baseline value was achieved or when the highest 
concentration of methacholine was inhaled. Children 
completing MCTs without a 20% decrease in FEV1 
were assigned a value of 50.0 mg/mL. PC20 was 
calculated by interpolating between two adjacent data 
points when the FEV1 decreased by ≥20%.

Skin prick test (SPT) and measurement of total 
serum immunoglobulin E (IgE) levels
SPT was performed for the most common aeroallergens 
(Allergopharma GmbH & Co., Reinbek, Germany) 
including the 13 most common inhalant allergens 
(Dermatophagoides pteronyssinus, Dermatophagoides 
farinae, dog dander, cat epithelium, cockroach, 
Alternaria alternata, Aspergillus fumigatus, a grass 
pollen mixture, tree mixture, ragweed, mugwort, alder, 
and oak) and 4 food allergens (peanut, egg white, cow's 
milk, and soybean).[9] Histamine (10 mg/mL) was used 
as the positive control, and normal saline was used as the 
negative control. A mean wheal size measured larger than 
3 mm after 15 minutes and those caused by histamine 
were considered positive. Total serum IgE levels were 
measured using the Immunocap-CAP 1000 system 
(Aloka, Tokyo, Japan). The lowest detection limit of total 
serum IgE was 2 kU/L.

Questionnaire
A modified version of the International Study of Asthma 
and Allergies in Childhood written questionnaire was used 
for this study. Parents or guardians of the children included 
in the study completed the questionnaire. The questionnaire 
consisted of several sections including 1) general 
characteristics, including the patient's name, sex, date of 
birth, height, and weight; 2) history of symptoms related 
to atopic dermatitis, allergic rhinitis, and asthma; and 3) 
the individual's environmental factors associated with the 
development of allergic diseases.[10] The questionnaire 
for the inclusion in the healthy group was as follows: 
"Have you been diagnosed with asthma at any time by 
a physician?"; "Have you experienced attacks of chest 
wheezing 12 months before enrollment in this study?", and 
"Have you been treated for your asthma symptoms in the 
12 months before enrollment in this study?".

Statistical analysis
Methacholine PC20 and total serum IgE levels were 
log-transformed before the statistical analysis. Data 
were expressed as mean±standard deviation. Statistical 
comparisons between groups and within groups were 
made by unpaired Student's t tests or Chi-square 
analysis as appropriate. Receiver-operator characteristic 
(ROC) curves were generated to determine the sensitivity 
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and specificity of methacholine PC20 for discriminating 
children in this study with or without asthma. All data 
analyses were performed using the SPSS statistical 
package version 21.0 for Windows (IBM Corp., 
Armonk, NY). Differences were considered significant 
when the P value was less than 0.05.

Results
Characteristics of the study population
The characteristics of the study population are listed 
in Table 1. The ratios of boys to girls in the children 
with asthma and the healthy children groups were 
231:109 (2.21) and 914/1119 (0.82), respectively. The 
age distribution of the asthmatic children is indicated in 
Table 2. There was a bias towards greater recruitment 
at younger ages in the asthmatic children. The mean 
values of methacholine PC20 showed an increase with 
age in both groups (Fig. 1).

Prevalence of bronchial hyperresponsiveness
A BHR defined as PC20 ≤16mg/mL was present in 
17.5% (355/2033) of children from a healthy general 
population without any reported asthma symptoms 
or asthma diagnosis and in 84.0% (294/350) of the 
asthmatic children. When we applied the cutoff levels 
from this study, 78.9% (276/350) of children in the 
suspected asthma group displayed a positive BHR 
versus 12.4% (253/2033) of the healthy children with 
no asthma diagnosis or symptoms.

Age-dependent cutoff values of methacholine PC20 
for the diagnosis of asthma
Cutoff values of methacholine PC20, which provided 
the best combination of diagnostic sensitivity and 
specificity, showed an increasing pattern with age as 

Variables Suspected asthmatic group Healthy group P value
Subject numbers 350 2033
Gender (male), n/total (%) 241/350 (68.9)   914/2033 (45.0) <0.001
Age (y), mean±SD     8.70±2.62     12.73±3.12 <0.001
BMI (kg/m2), mean±SD   17.87±9.53     19.29±14.18 <0.001
Methacholine PC20 (mg/mL), mean (95% CI)     7.19 (8.03-8.36)     21.78 (21.48-22.07) <0.001
Dose response slope, mean±SD     1.16±0.19       0.75±0.13 <0.001
FEV1, % predicted, mean±SD   88.84±17.02 (n=286)     97.62±11.64 (n=1995) <0.001
FEV1/FVC, % predicted, mean±SD   99.13±8.80     93.45±5.45 <0.001
Normal lung function, n/total (%) (FEV1, % predicted ≥80%)   78/286 (27.3)   121/1995 (6.1) <0.001
≥1 positivity on skin prick test, n/total (%) 299/347 (86.2)   835/1997 (41.8) <0.001
Total serum IgE (kU/L), geometric mean±SD 266.60±3.76 (n=344)     86.55±3.77 (n=1934) <0.001
Serum eosinophil (%), mean±SD     6.49±4.46 (n=348)       2.81±2.23 (n=1956) <0.001
Parental history of allergic diseases (AD, AR, or asthma), n/total (%) 195/346 (56.4)   743/1874 (39.6) <0.001

Table 1. General characteristics of the study population

AD: atopic dermatitis; AR: allergic rhinitis; BMI: body mass index; CI: confi dence interval; FEV1: forced expiratory volume in 1 second; FVC: 
forced vital capacity; IgE: immunoglobulin E; PC20: a provocative concentration causing a 20% decrease in FEV1; SD: standard deviation.

follows: 5.8, 9.1, 11.8, 12.6, 14.9, 21.7, 23.3, 21.1, 21.1, 
and 24.6 mg/mL at age 6, 7, 8, 9, 10, 11, 12, 13, 14, and 
15 years old, respectively (Table 3). Depending on age, 
the area under the ROC curves (AUC) for the diagnosis 
of asthma ranged from 0.81 to 0.92 (Fig. 2). Cutoff levels 
for the diagnosis of asthma in the suspected asthma group 
obtained in this study were associated with very high 
negative predictive values (89.7%-99.5%).

Age (y) Suspected asthma group
  n (%)

Healthy group 
   n (%) Total, n (%)

  6   84 (24.0)   251 (12.3)   335 (14.1)
  7   70 (20.0)   188 (9.2)   258 (10.8)
  8   52 (14.9)   174 (8.6)   226 (9.5)
  9   30 (8.6)   180 (8.9)   210 (8.8)
10   31 (8.9)   172 (8.5)   203 (8.5)
11   24 (6.9)   161 (7.9)   185 (7.8)
12   15 (4.3)   171 (8.4)   186 (7.8)
13   18 (5.1)   191 (9.4)   209 (8.8)
14   13 (3.7)   203 (10.0)   216 (9.1)
15   13 (3.7)   342 (16.8)   355 (14.9)
Total 350 (100.0) 2033 (100.0) 2383 (100.0)

Table 2. Distribution of subjects' numbers stratifi ed by age into suspected 
asthma and healthy groups

Fig. 1. Distribution of age-dependent methacholine PC20 in the clinical 
asthma and healthy groups without respiratory symptoms. PC20: a 
provocative concentration causing a 20% decrease in forced expiratory 
volume in 1 second.
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Discussion
In our present study, we identified age-dependent 
cutoff values of methacholine PC20 for the diagnosis of 
asthma in children and adolescents with a suspicion of 
asthmatic symptoms that showed a pattern of increase 
with age. Although ATS guidelines present uniform 
values of methacholine PC20 for both children and 
adults for the diagnosis of asthma,[3] these guidelines 
lack consideration of several influencing factors on 
BHR, such as age-related factors including variations 
in the airway caliber. Compared to the cutoff values 
presented in the ATS guidelines, those obtained in 
our present study were lower in asthmatic children 
≤10 years old, but higher in those ≥11 years old. Our 
findings suggest a different methacholine PC20 reference 
value according to age might represent an improvement 
for asthma diagnosis in children and adolescents with 
symptoms suspicious of asthma, rather than the uniform 
application of a PC20 as ≤4.0, ≤8.0, or ≤16.0 mg/mL 
recommended by the ATS guidelines.[3]

One earlier study on the diagnostic value of 
methacholine PC20 in 106 adult asthmatics reported 
that the application of a cutoff level of 15 mg/mL PC20 
instead of 16 mg/mL PC20 increases the diagnostic 
accuracy for asthma.[7] However, no studies have 
determined the age-appropriate cutoff values of 
methacholine PC20 for the diagnosis of asthma in 
children suspected with asthma. Our current study is 
the fi rst attempt to identify age-dependent cutoff values 
of methacholine PC20 for the diagnosis of asthma in 
children and adolescents.

A number of factors such as age, gender, and 
baseline airway caliber affect BHR.[11] A previous 
study investigating the relationship between BHR, 
sex, age, and atopy in adults aged 18-75 years showed 
that BHR was positively associated with sex and 
atopy, but not with age.[4] The lack of a difference in 
BHR based on age in adults might be attributable, in 
part, to the completely developed airway caliber in 
adults. Another study that analyzed the effect of age 
and severity of asthma on BHR in asthmatic children 
from 1 to 17 years of age showed no significant age-
dependent differences in BHR.[12] Because this study 
included only asthmatic children requiring therapy, the 
BHR values in that study were different from the cutoff 
values for the diagnosis of asthma. One study focused 

Age (y)   6   7   8   9 10 11 12 13 14 15
Reference value of methacholine PC20 (mg/mL)   5.8   9.1 11.8 12.6 14.9 21.7 23.3 21.1 21.1 24.6
Sensitivity, % 71.4 82.9 84.6 72.4 77.4 75.0 86.7 88.9 92.3 69.2
Specifi city, % 83.3 80.9 86.8 86.7 86.0 86.3 87.7 88.5 90.1 88.3
Positive predictive value, % 58.8 61.7 65.7 45.3 50.0 45.0 38.2 42.0 37.5 40.0
Negative predictive value, % 89.7 92.7 95.0 96.2 95.5 95.9 98.7 98.8 99.5 98.5

Table 3. Diagnostic sensitivity, specifi city, positive and negative predictive values of methacholine PC20 for diagnosis of asthma

Fig. 2. Receiver-operator characteristic (ROC) curves indicating the 
sensitivity and specifi city of methacholine PC20 for the diagnosis of asthma 
in children stratified by age. AUC: area under the ROC curves; PC20: a 
provocative concentration causing a 20% decrease in FEV1.
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on the natural history of BHR in childhood asthma and 
showed that postpubertal female patients had persistent 
BHR, whereas postpubertal male patients with asthma 
showed an improvement in BHR with advancing years, 
improving at about 11 years.[13] Although our study 
did not evaluate the effect of sex on BHR between 
children with suspected asthma symptoms and healthy 
subjects,[13] the increasing pattern of cutoff values of 
methacholine PC20 for the diagnosis of asthma might be 
partially reflected by the predominance of older male 
subjects. The combinational effect of sex and age on 
BHR might be partially attributable to sex differences 
in the growth, ratio of airway size, lung volume, and 
hormone levels, especially in adolescents.[14,15] The 
small airway size relative to lung size observed in 
adult female patients is associated with higher airway 
reactivity and sensitivity to methacholine.[16]

In terms of age-dependent hormonal effects on 
BHR, relative decreases in estrogen and increases in 
progesterone are known to be associated with increases 
in BHR.[17-19] Although increases in estrogen levels 
during early puberty and increases in progesterone 
levels later in puberty might be associated with age-
dependent differences in BHR, an imbalance in sexual 
hormone levels should also be considered in the 
interpretation of BHR in male and female adolescents. 
Further studies are needed to elucidate the effect of 
hormonal levels on BHR.

When interpreting the results of the methacholine 
PC20, the pretest probability of asthma including current 
asthma symptoms should be considered.[3] Subjects in 
the suspected asthma group were those who visited the 
allergy and asthma clinic with asthma symptoms and 
were included by pediatric allergists only when assessed 
as appropriately possessing asthma symptoms. A higher 
pretest probability resulting from the aforementioned 
characteristics of the suspected asthma group might be 
associated with higher cutoff values in older asthmatic 
children than those presented by the ATS guidelines. 
In addition, baseline airway obstruction, quality of the 
subjects' spirometry maneuvers, and breathing pattern 
also affect the values of methacholine PC20,

[3,20,21] 
therefore, these factors should be considered when 
interpreting methacholine PC20.

A positive BHR in healthy children might be 
attributable to the following factors: mild intermittent 
asthma without detection of asthma symptoms, 
chest tightness without recognition of the symptom 
as abnormal, mild BHR due to other causes such as 
that resulting from a viral respiratory infection, or 
asymptomatic asthma with the possibility of later asthma 
development.[11,22-28] A previous study on the prognosis of 
asymptomatic BHR in childhood showed no association 
with respiratory symptoms in young adulthood.[29] 

Consideration of positive BHR in healthy children on 
the cutoff values in methacholine PC20 is beyond the 
scope of our present report, and further prospective 
follow-up studies on these issues are needed.

To minimize the effects of medications or foods 
that can decrease BHR such as β-agonists, cola, and 
chocolate and respiratory infections that can increase 
BHR,[30,31] we performed MCTs after interrupting 
β-agonists for at least 8-24 hours, after the patients 
avoided cola and chocolate on the day of study, and 
after at least three weeks of any respiratory infection. 
Although a previous study showed that the results of a 
2 minute tidal breathing method were similar to those 
of the standard dosimeter method in asthmatic adults, 
another study reported that the tidal breathing method 
was associated with a higher prevalence of positive 
methacholine response compared to the dosimeter 
methods due to exposure to high doses of methacholine 
aerosol.[20] Therefore, methods of administering the 
MCT also need to be considered when interpreting 
methacholine PC20, especially at borderline values.

Since atopy significantly increases the response 
to methacholine and exercise challenge tests,[32] the 
cutoff values obtained by our current analyses might 
be pertinent to atopic asthmatic children, considering 
the high prevalence of atopy in children with suspected 
asthma. In the present study, 41.8% of the control 
group showed atopy on SPTs. In a previous study 
on the prevalence of allergic sensitization using the 
ImmunoCAP system, 44.6% showed atopy among 
9440 subjects aged 1 year or more from the general 
population.[33] Although there are differences in 
participants between the present study and the previous 
study, asymptomatic sensitization is common and 
studies on the meaning of asymptomatic sensitization 
are needed in the future.[34]

Because of the high sensitivity, low specificity, and 
high negative predictive value of MCTs,[12,35-37] MCT is 
generally more useful in the exclusion of asthma than the 
establishment of an asthma diagnosis. The cutoff values 
obtained in our present study showed a similar high 
specifi city and sensitivity compared to those recommended 
by the ATS guidelines, which can be considered one of 
the strengths of age-dependent cutoff values.[3] On the 
basis of the present fi ndings, the sensitivity and specifi city 
of methacholine PC20 was relatively high when age-
dependent cutoff values were applied, and even the normal 
range of BHR (>16 mg/mL PC20) might be more practical 
for excluding the diagnosis of asthma in children and 
adolescents.

The differences in the cutoff values of methacholine 
PC20 between children with asthma and adolescents with 
asthma might be partially attributable to the different 
components determining the BHR that vary by age.[38] 
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BHR is associated with airway inflammation in children 
with asthma. While this reactivity is associated with 
structural changes, it is only weakly associated with airway 
inflammation in adolescents with asthma.[38] Although 
BHR to indirect stimuli refl ects airway infl ammation better 
than direct stimuli such as methacholine in asthma,[39] the 
higher cutoff values suggested in asthmatic adolescents 
are associated with less airway infl ammation on MCTs.

According to the ATS guidelines, the levels of 
PC20 are used to classify asthma severity as follows: 
PC20<1.0 as moderate to severe, 1.0≤PC20<4.0 as mild, 
4.0≤PC20≤16.0 mg/mL as borderline BHR.[3] Although 
PC20>16 mg/mL is defined as a normal BHR,[3] cutoff 
values of methacholine PC20 between 21.1 and 24.6 mg/
mL have been suggested as levels indicative of asthma in 
adolescents aged 11 to 15 years. Although a relatively small 
number of subjects and other factors in the older age group 
might affect the cutoff values, the lower and upper bounds 
of the 95% confi dence interval of these AUCs, which were 
more than 0.83, are considered reliable.[40]

MCTs are usually performed to evaluate the likelihood 
of asthma in patients in whom diagnosis is suggested by 
current but non-obvious asthma symptoms. To estimate 
the diagnosis exactly using ROC methods, an accurate 
diagnosis is essential for analysis.[40] In our present 
study, experienced pediatric allergists assessed whether 
the symptoms were truly and accurate for the diagnosis 
of asthma. Because symptoms suggestive of asthma 
are diverse and nonspecific in some cases, the cutoff 
values of methacholine PC20 for the diagnosis of asthma 
suggested in our current study might better reflect the 
real clinical situation than the uniform application of 
cutoff values recommended by the ATS guidelines.

This study has a few limitations. Although several 
factors such as sex, season, and air pollution can affect 
the results of MCTs,[31,41] we did not consider these factors 
because of the random timing of hospital visits and the 
small sample size when our patients were stratifi ed by sex 
in the group suspected of being asthmatic. Otherwise, we 
performed the MCTs over an interval of several days in 
a general healthy population living in a city to minimize 
the seasonal variations. We assigned a value of 50 mg/
mL to subjects who did not respond to methacholine at 
the highest doses administered; therefore, the distribution 
of methacholine PC20 may not reflect the actual value in 
relevant subjects, especially in healthy children without 
respiratory symptoms.

In conclusion, the cutoff values of PC20 for the 
diagnosis of asthma increase with age in children and 
adolescents. Age-dependent careful interpretation of 
PC20 in MCTs might be more practical for the diagnosis 
of asthma in children and adolescents with asthma like 
symptoms, which were assessed as consistent with 
asthma by pediatric allergists.
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