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Aim To determine the reasons for large standard deviation of 
bronchodilator response (BDR) and establish whether there 
is a potential heritable component in healthy subjects.

Methods 67 monozygotic and 42 dizygotic adult twin 
pairs were assessed for bronchodilator response (% change 
in FEV1 after inhaling 400 µg salbutamol). Univariate quan-
titative genetic modeling was performed.

Results Multiple regression modeling showed a signifi-
cant association between BDR and sex and baseline FEV1 
(P < 0.05), while no association was found with smoking 
habits, body mass index, or age. Within pair correlation in 
monozygotic twins was modest (0.332), but higher than 
in dizygotic twins (0.258). Age-, sex-, and baseline FEV1-
adjusted genetic effect accounted for 14.9% (95% con-
fidence interval, CI 0%-53.1%) of the variance of BDR, 
shared environmental effect for 18.4% (95% CI 0%-46.8%), 
and unshared environmental effect for 66.8% (95% CI 
46.8%-88.7%).

Conclusion Our twin study showed that individual differ-
ences in BDR can be mostly explained by unshared envi-
ronmental effects. In addition, it is the first study to show 
low, insignificant hereditary influences, independently 
from sex, age, and baseline FEV1.
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The assessment of the reversibility of airway obstruction is 
a key element in the diagnosis of airway diseases and can 
also be a sign of the potential therapeutic effect of a specific 
inhaled drug (1,2). Bronchodilator response (BDR) is tested 
after the inhalation of a drug and is defined as the change in 
spirometric parameters including forced vital capacity (FVC), 
forced expiratory volume in 1 second (FEV1), and mid-expira-
tory flow 25%-75%. Although no consensus exists, the latest 
American Thoracic Society (ATS)/European Respiratory Soci-
ety (ERS) guideline recommends that, during a single testing 
session, an increase in FEV1 or FVC>12% and ≥200 mL from 
baseline is considered a significant BDR (3).

Large population studies proposed a different threshold of 
BDR that has a role in clinical interpretation of airway re-
sponse to a bronchodilator (4,5). However, underlying rea-
sons for the large variation of BDR and a potential herita-
ble component in healthy population are still unclear. It is 
known that certain genetic polymorphisms are associated 
with BDR in asthmatic (6,7) and non-asthmatic (8,9) indi-
viduals. This is supported by the fact that there are differ-
ences in BDR among different nations (10). These studies 
strongly support a hereditary influence on BDR, but they 
cannot fully describe the relationship of hereditary and en-
vironmental factors on the development of BDR. Assessing 
familial aggregation of BDR, Niu et al found a modest famil-
ial clustering (11).

Family design can determine inter-generation resemblance 
or difference, but, in contrast to the twin study design, it does 
not determine the influence of outside factors such as fam-
ily, environment, and culture (12). Accordingly, family stud-
ies cannot reliably distinguish the influence of heritability 
from common environmental effects. Numerous twin stud-
ies examined airway hyperresponsiveness (AHR) (13-18), but 
none of them investigated BDR. Although BDR is usually as-
sociated with AHR in obstructive airway diseases (19), previ-
ous twin results on AHR cannot simply be extended to BDR. 
Therefore, the first aim of this study is to determine which 
factors affect BDR in a healthy twin population. As a second 
aim we investigated whether the large standard deviation of 
BDR in healthy asymptomatic subjects could be attributable 
to genetic or environmental factors.

Participants and methods

Participants

One hundred and nine adult twin pairs (67 monozygotic 
[MZ] and 42 dizygotic [DZ]) were recruited from the Hun-

garian Twin Registry (20) as part of the International Twin 
Study 2009. Zygosity was assessed using a standard vali-
dated questionnaire concerning the degree of physical 
similarity of twins during infancy. Zygosity determination 
through this method is >99% accurate (21). The study pro-
tocols were approved by the institutional review board for 
human studies of Semmelweis University, Budapest, Hun-
gary (Regional and Institutional Committee of Science and 
Research Ethics, 29/2009) and written consent was ob-
tained from each participant or their surrogate.

Study design

Participants were recruited from general population via 
email, telephone, mail, or during twin festivals. Exclusion 
criteria included pregnancy, acute respiratory infection 
within three weeks of measurement, chronic obstructive 
airway diseases including asthma and chronic obstructive 
pulmonary disease (COPD), or foreseeable lack of compli-
ance with test procedures. Participants were tested in two 
large hospitals in Budapest, Hungary by the same trained 
personnel (DLT, ADT). Prior to testing, they were asked to 
refrain from smoking for at least 3 hours, drinking alcohol 
or coffee for 10 hours, and eating for 1 hour.

Baseline lung function measurement

Lung function was assessed by dynamic spirometry 
(Minispir, Waukesha, WI, USA). The spirometer was calibrat-
ed daily using a 1-L syringe. FEV

1 measurements were per-
formed in accordance with guidelines of the American Tho-
racic Society/European Respiratory Society Task Force (22).

Bronchodilator response

Following the baseline lung function assessment, all par-
ticipants inhaled 400 µg salbutamol in line with the ATS/
ERS guidelines (22). BDR was assessed by bronchodilator 
response (change in FEV1 after inhaling 400 µg salbuta-
mol). Salbutamol was inhaled from a metered dose inhaler 
without a spacer device and post- bronchodilator spirom-
etry was recorded after 15 minutes. Bronchial reversibility 
was considered if the increase in FEV1 was at least 12% and 
200 mL (23). No side effects were observed following the 
BDR tests.

Statistical analysis

Descriptive statistics (mean ± standard deviation for 
continuous variables, percentage for categorical 
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variables) were computed for MZ and DZ twins separately. 
MZ and DZ subsamples were compared by t test for paired 
samples. Multiple regression analysis identified potential 
variables associated with BDR, which were included as co-
variates in subsequent twin structural equation models. 
Regression analysis used robust estimation of standard er-
rors to adjust for the clustering of data between twin and 
co-twin within pair.

Twin resemblance within MZ and DZ pairs was evaluat-
ed using Pearson correlation coefficients obtained with 
a saturated model in the Mx software (24); the saturated 
model was specified by constraining means and varianc-
es to be the same for twin and co-twin, and for MZ and 
DZ twins. A higher correlation in MZ than in DZ pairs sug-
gests a contribution of genetic factors to the phenotype, 
similar correlation in MZ and DZ pairs suggests a contri-
bution of shared environmental factors, while low correla-
tion in MZ pairs compared to DZ twins suggests a contri-
bution of unshared environmental factors. In particular, the 
genetic component is approximated by twice the differ-
ence between MZ and DZ correlation (2(MZ-DZ)) and the 
unshared environmental component is approximated by 
1-MZ correlation (24,25).

Biometric univariate structural equation models were fitted 
to estimate the relative importance of hereditary and envi-
ronmental effects on percent variation in FEV1 values (us-
ing the % change in FEV1 as a continuous variable) (24,26). 
These models incorporate latent variables for genetic and 
environmental influence and observed variables for mea-
sured FEV1 change in twins. The effect of latent variables 

on observed variables is inferred from the observed vari-
ances and covariances by exploiting the fact that MZ twins 
share 100% of their genes, while DZ twins share 50% of the 
genetic background. Twin models assume that relevant 
environmental exposures are shared by the twins to the 
same extent regardless of zygosity (“equal environments 
assumption”) (24).

Using these models, it is possible to decompose the phe-
notypic variance of BDR into additive genetic (A), shared 
environmental (C), and unshared environmental (E) com-
ponents (ACE model). Shared environment includes those 
factors that are not related to individual lifestyle, such as 
familiar socialization, air pollution, shared womb, while 
unique environment includes smoking or nutrition. All 
twin analyses were adjusted by age, sex, and baseline 
FEV1. The analyses were carried out with Stata (version 
11.0, StataCorp, College Station, TX, USA) and Mx softwares 
(Department of Psychiatry Virginia Institute for Psychiatric 
and Behavioral Genetics, Richmond, VA, USA) (27). The level 
of statistical significance was set at P < 0.05.

Results

61.5% of twins were MZ and 38.5% were DZ (72% wom-
en) (Table 1). No significant difference between the groups 
was observed in age, body mass index, and smoking prev-
alence. DZ twins had higher FEV1 change compared to MZ 
twins, although the difference was not significant (3.4 ± 6.5 
vs 2.0 ± 5.5%, P = 0.278). 11 participants had a positive BDR 
test. Although BDR (FEV1 change) showed no correlation 
with baseline FVC (L) (P > 0.05), a significant but weak in-

Table 1. Characteristics of twins according to zygosity. Data reported as mean ± standard deviation or n (%)*

Total Monozygotic Dizygotic P

Twin subjects, n (%) 218 134 (61.5) 84 (38.5) -
Male, n (%)   61 (28.0)   32 (23.9) 29 (34.5) 0.550
Age, years 44.7 ± 15.6 44.3 ± 15.9 45.4 ± 15.2 0.788
Body mass index, kg/m2 25.8 ± 4.9 25.5 ± 4.9 26.3 ± 4.9 0.361
Never smokers, n (%) 149 (69.0)   95 (72.0) 54 (64.3)

0.354Past smokers, n (%)   31 (14.3)   16 (12.1) 15 (17.9)
Current smokers, n (%)   36 (16.7)   21 (15.9) 15 (17.9)
Positive BDR test, n (%)†   11 (5.1)     4 (3.0)   7 (8.3) 0.430
FVC, l   3.6 ± 0.9   3.4 ± 0.9   3.8 ± 1.0
FVC, % predicted   3.7 ± 0.9   3.6 ± 0.8   3.8 ± 1.0 0.124
FEV1, l   3.0 ± 0.8   2.9 ± 0.7   3.1 ± 0.8 0.156
FEV1, % predicted   3.1 ± 0.8   3.0 ± 0.7   3.2 ± 0.8 0.067
FEV1/FVC   0.84 ± 0.08   0.82 ± 0.11   0.83 ± 0.09 0.767
Mean FEV1% change   2.5 ± 6.0   2.0 ± 5.5   3.4 ± 6.5 0.278
*BDR – bronchodilator response; FVC – forced vital capacity; FEV1 – forced exhaled volume in one second.
†defined as 12% and 200 mL increase in FEV1 following 400 µg salbutamol.
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verse correlation was noted with FEV1/FVC (r = -0.20, 
P < 0.001). Participants with FEV1/FVC<0.70 (n = 13) showed 
a greater BDR response than participants with FEV1/FVC > 
0.70 (8.6 vs 2.0, P < 0.01).

In multiple robust regression analysis, smoking status, body 
mass index, and age were not significantly associated with 
BDR. Biometric models were adjusted for age as well as for 
variables that were associated with FEV1 change in the re-
gression model (ie, sex and baseline FEV1) (Table 2).

Intraclass correlation of percent change in FEV1 was mod-
est but higher in MZ twins (rMZ = 0.332, 95% CI 0.083, 
0.532) than in DZ twins (rDZ = 0.258, 95% CI -0.041, 0.499), 
suggesting a weak genetic effect in the expression of BDR. 
ACE analysis indicated that genetic and shared environ-
mental effects were modest and that they together ex-
plained about one-third of total variance in FEV1 change 
(A:15%, C: 18%), while unshared environmental influence 
explained the largest part of variance (E: 67%) (Table 3). In 
the ACE model, sex and baseline FEV1 were significantly as-
sociated with FEV1 change, while age, BMI, and smoking 
history were not significantly associated (data not shown).

Discussion

Although the assessment of bronchodilator response has 
become routine in clinical practice, background of the 

large variation of BDR in asymptomatic persons has re-
mained unclear. BDR response is a common, but not a spe-
cific measure of bronchial asthma, which has considerable 
prevalence among non-asthmatic persons (28). We found 
that BDR was weakly influenced by genetic factors and 
shared environment, and strongly influenced by unshared 
environmental factors. This result might clarify the large 
standard deviation of BDR responses in asymptomatic per-
sons without airways disease. The finding that unshared 
environmental component mainly explains the variation 
also suggests the importance of prevention (eg, smoking 
prevention in persons with high-risk for asthma/COPD or 
lifestyle modification). Accordingly, our results highlight 
that lifestyle factors have an important role in the determi-
nation of BDR test results in individuals without lung dis-
eases, so these factors should be eliminated before BDR 
assessment and be taken into account in the interpreta-
tion of the results.

Genetic influences have been investigated in diseases re-
lated to pathologic BDR. For example, heritability of asth-
ma has been widely demonstrated (29-34). Although the 
current twin study is the first study investigating BDR, nu-
merous workgroups examined airway hyperresponsive-
ness, another common characteristic of asthma (13-18). 
Hopp et al suggested the role of hereditary influences on 
airway hyperresponsiveness to methacholine by sim-
ply estimating the MZ and DZ correlations for twin 

Table 2. Multiple regression analysis of FEV1 (forced exhaled volume in one second) % change and considered covariates. Full 
model*

FEV1% change Coefficient Standard error P 95% confidence interval

Sex (males vs females) -0.567 0.239 0.018 -1.036, -0.099
Age -0.151 0.095 0.110 -0.336, 0.034
Baseline FEV1 -0.317 0.126 0.012 -0.563, -0.069
Smoking habits†

past smokers -0.179 0.226 0.428 -0.622, 0.264
current smokers -0.187 0.204 0.360 -0.589, 0.214
Body mass index -0.06 0.089 0.477 -0.239, 0.111
*All continuous variables were standardized to have zero mean and a standard deviation of 1 prior to estimating the regression equation.
†Reference category: never smokers.

Table 3. Within pair correlations and genetic and environmental variance components of FEV1 (forced exhaled volume in one sec-
ond) % change as estimated under the ACE model (A – heritability; C – shared environment; E – unshared environment). Numbers in 
parentheses indicate 95% confidence intervals*†

Twin correlation Proportions (%) of variance components

Measure rMZ rDZ A C E

FEV1% change 0.332 (0.083, 0.532) 0.258 (-0.041, 0.499) 14.9 (0, 53.1) 18.4 (0, 46.8) 66.8 (46.8, 88.7)
*FEV1 – forced exhaled volume in one second; rMZ – correlation in monozygotic twins; rDZ – correlation in dizygotic twins.
†Intraclass correlations and variance components were adjusted for age and sex and baseline FEV1.
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pairs (6-31 years) (15). They also reported that increased 
non-specific bronchial reactivity was persistent and asso-
ciated with allergy (14). Zamel et al demonstrated in ten 
MZ and ten DZ healthy, nonsmoking twins the major role 
of environmental factors in determining the variability 
of acute AHR to bronchoactive drugs (18). An Australian 
twin study in 381 twin pairs aged 8 to 18 years suggest-
ed that hereditary effects may be largely shared between 
asthma, atopy, and AHR (13). Lund et al reported no heri-
tability for AHR in younger adult twins (age 18-31 years) 
(16) and that shared environmental factors explained 30% 
of the AHR variance (16). These factors may include diet, 
exposure to high levels of air pollution, parental smoking 
and other conditions in the parental home, such as house 
dust mites, mold, etc. Compared to their results, we found 
a weak hereditary component for BDR (15%) and a simi-
lar (67%) unshared environmental component. Unshared 
environmental factors may include differences in diseases 
and occupational exposures. This is supported by a previ-
ous study reporting a relationship between bronchial hy-
perresponsiveness and infections after the neonatal pe-
riod in school-aged twins (35). Apart from twin studies, 
there is evidence from familial aggregation studies, seg-
regation analyses, linkage studies, and genome-wide link-
age analyses of hereditary influence on BDR, suggesting 
that interactions between genes and environmental com-
ponents may also be involved (13,15,36-40).

Smoking status is an important environmental factor to be 
examined. Although smoking increases the risk of airway 
responsiveness (36), Lund et al in their heritability analy-
sis did not analyze the effect of smoking (16). In the pres-
ent study, the twin sample comprised 32.9% active or ex-
smokers. Although the association of smoking with AHR is 
well known (41), we did not observe a significant role of 
smoking status on BDR; however, this may be explained 
by the relatively low rate of active smokers (17.3%). Ac-
cordingly, the effect of smoking on the ACE models was 
not assessed. The lack of relationship between smoking 
status and BDR is not surprising, as a study conducted in 
a large cohort of patients with obstructive airway disease 
showed that BDR was related to smoking history rather 
than to current smoking status (19). However, we could 
not completely eliminate the possible effects of smoking 
on ACE modeling by stratifying the quantitative genetic 
analyses according to pair-wise smoking status and an-
alyzing the non-smokers only. This limitation should be 
considered in future larger twin studies investigating the 

effect of smoking on the heritability of BDR. Structural 
equation modeling has decreased power to assess 

models (for genetic vs shared environmental vs unique 
environmental components) when the genetic effect is 
low (less than ~ 20%) (42). This also prevented the explora-
tion of sex differences in the heritability and environmen-
tal effects on BDR.

The main strength of the present study is that all BDR tests 
were performed by the same trained researchers and the 
same validated device at all sites. Furthermore, the results 
can be generalized to the non-twin adult population, as-
suming that the enrolled twins did not differ from non-
twin individuals with regard to the considered traits.

In conclusion, the present study revealed a low heritability 
of BDR independently of sex, age, and baseline FEV

1 in a 
healthy twin population. Unshared environmental effects 
explained most of the BDR variance, underscoring the im-
portance of environmental factors (eg, lifestyle, allergens) 
in determining individual differences in BDR in healthy 
adult individuals. This finding might explain the frequently 
experienced large standard deviation of BDR assessments 
in asymptomatic persons without airways disease, empha-
sizing the importance of lifestyle factors that influence BDR 
test results.

Acknowledgment We thank Cristina D’Ippolito for her technical and data 
management assistance.

Ethical approval received from the Regional and Institutional Committee of 
Science and Research Ethics, 29/2009

Funding We would like to acknowledge technical support from Medexpert 
Ltd (spirometry tubes and device). The study was also supported by Hun-
garian research fund OTKA 68808 and Balassi Institute – Hungarian Scholar-
ship Office – Italian Cultural Institute grant (2012).

Declaration of authorship DLT contributed to data collection, analysis, 
manuscript preparation, and gave the final approval for publication. EM 
contributed to data analysis, manuscript preparation, and gave the final ap-
proval for publication. ADT contributed to data collection, analysis, manu-
script preparation, and gave the final approval for publication. AB contrib-
uted to manuscript preparation, and gave the final approval for publication. 
ZL contributed to manuscript preparation, and gave the final approval for 
publication. CF contributed to data analysis, and gave the final approval for 
publication. MAS contributed to data analysis, manuscript preparation, and 
gave the final approval for publication. KK contributed to manuscript prepa-
ration, and gave the final approval for publication. ZG contributed to data 
analysis, manuscript preparation, and gave the final approval for publica-
tion. VB contributed to data analysis, manuscript preparation, and gave the 
final approval for publication. IH contributed to the study concept, design, 
data interpretation, manuscript preparation, and gave the final approval for 
publication.

References
1	 Lorber DB, Kaltenborn W, Burrows B. Responses to isoproterenol in 

a general population sample. Am Rev Respir Dis. 1978;118:855-61. 

Medline:736356

2	 Watanabe S, Renzetti AD Jr, Begin R, Bigler AH. Airway 

responsiveness to a bronchodilator aerosol. I. Normal human 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=736356&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=736356&dopt=Abstract


157Tarnoki et al: Heritability of bronchodilator response

www.cmj.hr

subjects. Am Rev Respir Dis. 1974;109:530-7. Medline:4823409

3	 Brusasco V, Crapo R, Viegi G; American Thoracic Society. European 

Respiratory Society. Coming together: the ATS/ERS consensus 

on clinical pulmonary function testing. Eur Respir J. 2005;26:1-2. 

Medline:15994380 doi:10.1183/09031936.05.00034205

4	 Montes de Oca M, Perez-Padilla R, Tálamo C, Halbert RJ, Moreno D, 

Lopez MV, et al. Acute bronchodilator responsiveness in subjects 

with and without airflow obstruction in five Latin American 

cities: the PLATINO study. Pulm Pharmacol Ther. 2010;23:29-35. 

Medline:19818867 doi:10.1016/j.pupt.2009.09.005

5	N iggemann B, Illi S, Madloch C, Völkel K, Lau S, Bergmann R, et 

al. Histamine challenges discriminate between symptomatic and 

asymptomatic children. MAS-Study Group. Multicentre Allergy 

Study. Eur Respir J. 2001;17:246-53. Medline:11334127 doi:10.1183

/09031936.01.17202460

6	 Lima JJ, Thomason DB, Mohamed MH, Eberle LV, Self TH, Johnson 

JA. Impact of genetic polymorphisms of the beta2-adrenergic 

receptor on albuterol bronchodilator pharmacodynamics. Clin 

Pharmacol Ther. 1999;65:519-25. Medline:10340917 doi:10.1016/

S0009-9236(99)70071-8

7	 Taylor DR, Epton MJ, Kennedy MA, Smith AD, Iles S, Miller AL, et 

al. Bronchodilator response in relation to beta2-adrenoceptor 

haplotype in patients with asthma. Am J Respir Crit Care Med. 

2005;172:700-3. Medline:15976384 doi:10.1164/rccm.200501-

092OC

8	 Joos L, Weir TD, Connett JE, Anthonisen NR, Woods R, Paré PD, 

et al. Polymorphisms in the beta2 adrenergic receptor and 

bronchodilator response, bronchial hyperresponsiveness, and 

rate of decline in lung function in smokers. Thorax. 2003;58:703-7. 

Medline:12885990 doi:10.1136/thorax.58.8.703

9	 Martinez FD, Graves PE, Baldini M, Solomon S, Erickson R. 

Association between genetic polymorphisms of the beta2-

adrenoceptor and response to albuterol in children with and 

without a history of wheezing. J Clin Invest. 1997;100:3184-8. 

Medline:9399966 doi:10.1172/JCI119874

10	 Choudhry S, Ung N, Avila PC, Ziv E, Nazario S, Casal J, et al. 

Pharmacogenetic differences in response to albuterol between 

Puerto Ricans and Mexicans with asthma. Am J Respir Crit 

Care Med. 2005;171:563-70. Medline:15557128 doi:10.1164/

rccm.200409-1286OC

11	N iu T, Rogus JJ, Chen C, Wang B, Yang J, Fang Z, et al. Familial 

aggregation of bronchodilator response: a community-

based study. Am J Respir Crit Care Med. 2000;162:1833-7. 

Medline:11069822 doi:10.1164/ajrccm.162.5.9908127

12	 Susser M, Susser E. Indicators and designs in genetic epidemiology: 

separating heredity and environment. Rev Epidemiol Sante 

Publique. 1987;35:54-77. Medline:3296037

13	 Clarke JR, Jenkins MA, Hopper JL, Carlin JB, Mayne C, Clayton 

DG, et al. Evidence for genetic associations between asthma, 

atopy, and bronchial hyperresponsiveness: a study of 8- to 

18-yr-old twins. Am J Respir Crit Care Med. 2000;162:2188-93. 

Medline:11112136 doi:10.1164/ajrccm.162.6.9904057

14	 Davé NK, Hopp RJ, Biven RE, Degan J, Bewtra AK, Townley RG. 

Persistence of increased nonspecific bronchial reactivity in allergic 

children and adolescents. J Allergy Clin Immunol. 1990;86:147-53. 

Medline:2200819 doi:10.1016/S0091-6749(05)80059-4

15	 Hopp RJ, Bewtra AK, Watt GD, Nair NM, Townley RG. Genetic 

analysis of allergic disease in twins. J Allergy Clin Immunol. 

1984;73:265-70. Medline:6538209 doi:10.1016/S0091-

6749(84)80018-4

16	 Lund MB, Kongerud J, Nystad W, Boe J, Harris JR. Genetic and 

environmental effects on exhaled nitric oxide and airway 

responsiveness in a population-based sample of twins. Eur Respir J. 

2007;29:292-8. Medline:17079261 doi:10.1183/09031936.00044805

17	 Svartengren M, Ericsson CH, Philipson K, Mossberg B, 

Camner P. Tracheobronchial clearance in asthma-discordant 

monozygotic twins. Respiration. 1989;56:70-9. Medline:2690236 

doi:10.1159/000195780

18	 Zamel N, Leroux M, Vanderdoelen JL. Airway response to inhaled 

methacholine in healthy nonsmoking twins. J Appl Physiol. 

1984;56:936-9. Medline:6373690

19	 Anthonisen NR, Lindgren PG, Tashkin DP, Kanner RE, Scanlon PD, 

Connett JE, et al. Bronchodilator response in the lung health study 

over 11 yrs. Eur Respir J. 2005;26:45-51. Medline:15994388 doi:10.1

183/09031936.05.00102604

20	 Littvay L, Métneki J, Tarnoki AD, Tarnoki DL. The Hungarian Twin 

Registry. Twin Res Hum Genet. 2013;16:185-9. Medline:23084033 

doi:10.1017/thg.2012.76

21	 Kyvik KO, Green A, Beck-Nielsen H. The new Danish twin register: 

establishment and analysis of twinning rates. Int J Epidemiol. 

1995;24:589-96. Medline:7672901 doi:10.1093/ije/24.3.589

22	 Miller MR, Hankinson J, Brusasco V, Burgos F, Casaburi R, Coates A, 

et al. Standardisation of spirometry. Eur Respir J. 2005;26:319-38. 

Medline:16055882 doi:10.1183/09031936.05.00034805

23	 Pellegrino R, Viegi G, Brusasco V, Crapo RO, Burgos F, Casaburi R, 

et al. Interpretative strategies for lung function tests. Eur Respir J. 

2005;26:948-68. Medline:16264058 doi:10.1183/09031936.05.0003

5205

24	N eale MC, Michael C, Cardon LR. Methodology for genetic studies 

of twins and families. Dordrecht, Netherlands: Kluwer; 1992.

25	 Spector TD, Snieder H, MacGregor AJ. Advances in twin and sib-

pair analysis. London: Greenwich Medical Media; 2000.

26	 McArdle JJ, Hamagami F. Structural equation models for evaluating 

dynamic concepts within longitudinal twin analyses. Behav Genet. 

2003;33:137-59. Medline:14574148 doi:10.1023/A:1022553901851

27	N eale MC, Boker SM, Xie G, Maes H. Mx: statistical modeling (6th 

edition). Richmond, VA, USA: Department of Psychiatry, Virginia 

Commonwealth University; 2003.

28	 Dales RE, Spitzer WO, Tousignant P, Schechter M, Suissa S. 

Clinical interpretation of airway response to a bronchodilator. 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=4823409&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15994380&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15994380&dopt=Abstract
http://dx.doi.org/10.1183/09031936.05.00034205
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19818867&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19818867&dopt=Abstract
http://dx.doi.org/10.1016/j.pupt.2009.09.005
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11334127&dopt=Abstract
http://dx.doi.org/10.1183/09031936.01.17202460
http://dx.doi.org/10.1183/09031936.01.17202460
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10340917&dopt=Abstract
http://dx.doi.org/10.1016/S0009-9236(99)70071-8
http://dx.doi.org/10.1016/S0009-9236(99)70071-8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15976384&dopt=Abstract
http://dx.doi.org/10.1164/rccm.200501-092OC
http://dx.doi.org/10.1164/rccm.200501-092OC
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12885990&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12885990&dopt=Abstract
http://dx.doi.org/10.1136/thorax.58.8.703
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9399966&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9399966&dopt=Abstract
http://dx.doi.org/10.1172/JCI119874
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15557128&dopt=Abstract
http://dx.doi.org/10.1164/rccm.200409-1286OC
http://dx.doi.org/10.1164/rccm.200409-1286OC
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11069822&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11069822&dopt=Abstract
http://dx.doi.org/10.1164/ajrccm.162.5.9908127
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=3296037&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11112136&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11112136&dopt=Abstract
http://dx.doi.org/10.1164/ajrccm.162.6.9904057
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=2200819&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=2200819&dopt=Abstract
http://dx.doi.org/10.1016/S0091-6749(05)80059-4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=6538209&dopt=Abstract
http://dx.doi.org/10.1016/S0091-6749(84)80018-4
http://dx.doi.org/10.1016/S0091-6749(84)80018-4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17079261&dopt=Abstract
http://dx.doi.org/10.1183/09031936.00044805
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=2690236&dopt=Abstract
http://dx.doi.org/10.1159/000195780
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=6373690&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15994388&dopt=Abstract
http://dx.doi.org/10.1183/09031936.05.00102604
http://dx.doi.org/10.1183/09031936.05.00102604
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23084033&dopt=Abstract
http://dx.doi.org/10.1017/thg.2012.76
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=7672901&dopt=Abstract
http://dx.doi.org/10.1093/ije/24.3.589
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16055882&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16055882&dopt=Abstract
http://dx.doi.org/10.1183/09031936.05.00034805
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16264058&dopt=Abstract
http://dx.doi.org/10.1183/09031936.05.00035205
http://dx.doi.org/10.1183/09031936.05.00035205
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=14574148&dopt=Abstract
http://dx.doi.org/10.1023/A:1022553901851


CLINICAL SCIENCE158 Croat Med J. 2015;56:152-8

www.cmj.hr

Epidemiologic considerations. Am Rev Respir Dis. 1988;138:317-20. 

Medline:3195831 doi:10.1164/ajrccm/138.2.317

29	 Duffy DL, Martin NG, Battistutta D, Hopper JL, Mat-hews JD. 

Genetics of asthma and hay fever in Australian twins. Am Rev 

Respir Dis. 1990;142:1351-8. Medline:2252253 doi:10.1164/

ajrccm/142.6_Pt_1.1351

30	 Harris JR, Magnus P, Samuelsen SO, Tambs K. No evidence for 

effects of family environment on asthma.A retrospective study 

of Norwegian twins. Am J Respir Crit Care Med. 1997;156:43-9. 

Medline:9230724 doi:10.1164/ajrccm.156.1.9609094

31	 Laitinen T, Rasanen M, Kaprio J, Koskenvuo M, Laitinen LA. 

Importance of genetic factors in adolescent asthma. Am J Respir 

Crit Care Med. 1998;157:1073-8. Medline:9563721 doi:10.1164/

ajrccm.157.4.9704041

32	 Huovinen E, Kaprio J, Laitinen LA, Koskenvuo M. Social 

predictors of adult asthma: a co-twin case-control study. Thorax. 

2001;56:234-6. Medline:11182018 doi:10.1136/thorax.56.3.234

33	N ystad W, Roysamb E, Magnus P, Tambs K, Harris JR. A comparison 

of genetic and environmental variance structures for asthma, 

hay fever and eczema with symptoms of the same diseases: 

a study of Norwegian twins. Int J Epidemiol. 2005;34:1302-9. 

Medline:15831566 doi:10.1093/ije/dyi061

34	 Fagnani C, Annesi-Maesano I, Brescianini S, D’Ippolito C, Medda 

E, Nisticň L, et al. Heritability and shared genetic effects of 

asthma and hay fever: an Italian study of young twins. Twin Res 

Hum Genet. 2008;11:121-31. Medline:18361712 doi:10.1375/

twin.11.2.121

35	N ikolajev K, Korppi M, Remes K, Länsimies E, Jokela V, Heinonen 

K. Determinants of bronchial responsiveness to methacholine 

at school age in twin pairs. Pediatr Pulmonol. 2002;33:167-73. 

Medline:11836795 doi:10.1002/ppul.10059

36	 Duffy D. The genetic epidemiology of asthma. Epidemiol Rev. 

1997;19:129-43. Medline:9360910 doi:10.1093/oxfordjournals.

epirev.a017935

37	 Koh YY, Kang EK, Kang H, Yoo Y, Park Y, Kim CK. Bronchial 

hyperresponsiveness in adolescents with long-term asthma 

remission: importance of a Family history of bronchial 

hyperresponsiveness. Chest. 2003;124:819-25. Medline:12970003 

doi:10.1378/chest.124.3.819

38	 Palmer LJ, Burton PR, Faux JA, James AL, Musk AW, Cookson 

WO. Independent inheritance of serum immunoglobulin E 

concentrations and airway responsiveness. Am J Respir Crit 

Care Med. 2000;161:1836-43. Medline:10852754 doi:10.1164/

ajrccm.161.6.9805104

39	 Postma DS, Koppelman GH, Meyers DA. The genetics of atopy 

and airway hyperresponsiveness. Am J Respir Crit Care Med. 

2000;162:118-23. Medline:10988165 doi:10.1164/ajrccm.162.

supplement_2.ras-13

40	R aby BA, Van Steen K, Lasky-Su J, Tantisira K, Kaplan F, Weiss ST. 

Importin-13 genetic variation is associated with improved airway 

responsiveness in childhood asthma. Respir Res. 2009;10:67. 

Medline:19619331 doi:10.1186/1465-9921-10-67

41	 Schwartz J, Schindler C, Zemp E, Perruchoud AP, Zellweger JP, 

Wüthrich B, et al. Predictors of methacholine responsiveness in a 

general population. Chest. 2002;122:812-20. Medline:12226018 

doi:10.1378/chest.122.3.812

42	 Posthuma D, Boomsma DI. A note on the statistical power 

in extended twin designs. Behav Genet. 2000;30:147-58. 

Medline:10979605 doi:10.1023/A:1001959306025

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=3195831&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=3195831&dopt=Abstract
http://dx.doi.org/10.1164/ajrccm/138.2.317
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=2252253&dopt=Abstract
http://dx.doi.org/10.1164/ajrccm/142.6_Pt_1.1351
http://dx.doi.org/10.1164/ajrccm/142.6_Pt_1.1351
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9230724&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9230724&dopt=Abstract
http://dx.doi.org/10.1164/ajrccm.156.1.9609094
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9563721&dopt=Abstract
http://dx.doi.org/10.1164/ajrccm.157.4.9704041
http://dx.doi.org/10.1164/ajrccm.157.4.9704041
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11182018&dopt=Abstract
http://dx.doi.org/10.1136/thorax.56.3.234
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15831566&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15831566&dopt=Abstract
http://dx.doi.org/10.1093/ije/dyi061
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18361712&dopt=Abstract
http://dx.doi.org/10.1375/twin.11.2.121
http://dx.doi.org/10.1375/twin.11.2.121
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11836795&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11836795&dopt=Abstract
http://dx.doi.org/10.1002/ppul.10059
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9360910&dopt=Abstract
http://dx.doi.org/10.1093/oxfordjournals.epirev.a017935
http://dx.doi.org/10.1093/oxfordjournals.epirev.a017935
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12970003&dopt=Abstract
http://dx.doi.org/10.1378/chest.124.3.819
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10852754&dopt=Abstract
http://dx.doi.org/10.1164/ajrccm.161.6.9805104
http://dx.doi.org/10.1164/ajrccm.161.6.9805104
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10988165&dopt=Abstract
http://dx.doi.org/10.1164/ajrccm.162.supplement_2.ras-13
http://dx.doi.org/10.1164/ajrccm.162.supplement_2.ras-13
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19619331&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19619331&dopt=Abstract
http://dx.doi.org/10.1186/1465-9921-10-67
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12226018&dopt=Abstract
http://dx.doi.org/10.1378/chest.122.3.812
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10979605&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10979605&dopt=Abstract
http://dx.doi.org/10.1023/A:1001959306025

