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ABSTRACT 

Background 

Harmful effects of prenatal tobacco exposure and possible interaction with 17q12-21 genetic 

variants have been shown for some asthma outcomes in childhood, whereas findings related to 

allergy outcomes are more inconsistent. This study aimed to examine the effect of prenatal 

tobacco exposure and relation to 17q12-21 genotype on a wide array of asthma and allergy-

related outcomes in early childhood. 

Methods 

Prenatal tobacco exposure was determined by maternal smoking during 3
rd

 trimester (yes/no) in 

411 children from the COPSAC2000 birth cohort with clinical follow-up till age 7 years. The 

rs7216389 SNP was used as main representative of the 17q12-21 locus. Asthma endpoints 

included asthma diagnosis, exacerbations, episodes with troublesome lung symptoms and lower 

respiratory tract infections (LRTI), spirometry, plethysmography, bronchial responsiveness to 

methacholine, exercise and cold dry air. Allergy-related endpoints included aeroallergen 

sensitization, allergic rhinitis, fractional exhaled nitric oxide, blood eosinophil count and urine 

eosinophil protein X levels. Statistical analyses were done using Cox regression, linear 

regression, logistic regression and Quasi-Poisson regression. 



Results 

Prenatal tobacco exposure increased the risk of asthma (adjusted hazard ratio (aHR)=2.05, (95% 

CI 1.13;3.73), p=0.02)), exacerbations (aHR=3.76, (2.05;6.91), p<0.001), number of LRTIs 

(aIRR=1.87, (1.34;2.55), p<0.001), and associated with decreased spirometry indices (FEV1: 

aMD=-0.07L (-0.13;-0.005), p=0.03, MMEF: aMD=-0.19L/s (-0.34;-0.04), p=0.01) and 

increased bronchial responsiveness to methacholine (PD20: aGMR=0.55 (0.31;0.96), p=0.04). In 

contrast, there was no association with any allergy-related endpoints. The effect on asthma 

depended on 17q12-21 genotype with an increased risk only among children without risk alleles.  

Conclusion 

Prenatal tobacco exposure was associated with asthma dependent on 17q12-21 genotype and 

with exacerbations, lung function and bronchial responsiveness, but not with any allergy-related 

outcomes. This suggests that tobacco exposure in utero leads to adverse lung 

developmental/structural effects rather than susceptibility to develop allergy and Type 2 

inflammation.  

Number of words in the abstract: 290 (excluded legends) 

Keywords: Childhood asthma; exacerbations; lung function; allergy; prenatal tobacco exposure; 

chromosome 17q12-21. 

Abbreviations: 

- COPSAC2000 = COpenhagen Prospective Studies on Asthma in Childhood2000  

- EPX = (eosinophil protein X) 

- FEV0.5 = Forced Expiratory Volume at half a second 



- FEF50 = Forced Expiratory Flow at 50% 

- FeNO = Fractional exhaled Nitric Oxide 

- FEV1 = Forced Expiratory Volume at one second 

- FVC = Forced Vital Capacity 

- GMR = Geometric Mean Ratio 

- HR = Hazard Ratio 

- IRR = Incidence Rate Ratio 

- LRTI = Lower Respiratory Tract Infections 

- MD = Mean Difference 

- MMEF = Maximal Mid-expiratory Flow 

- OR = Odds Ratio 

- PD20 = Provocative Dose of methacholine resulting in a 20% decrease in FEV1 from baseline 

- PD15 = Provocative Dose of methacholine resulting in a 15% decrease in FEV00.5 from 

baseline 

- sRaw = Specific airway resistance 

  



INTRODUCTION  

Prenatal tobacco exposure has in most previous studies been associated with an increased risk of 

developing childhood asthma (1–5), asthma exacerbations (3,6), and decreased lung function at 

school age (1,4–6), whereas findings related to the risk of developing allergy-related outcomes 

(2,7–11) and atopic dermatitis (10,12–14) are more inconsistent. There is a lack of longitudinal 

studies investigating the effect of prenatal tobacco exposure on multiple asthma and allergy-

related endpoints in the same population, which may shed light on whether the harmful in utero 

effects are associated with adverse lung developmental/structural effects and or/and 

susceptibility to develop allergy and Type 2 inflammation. Further, a gene-environment 

interaction between 17q12-21 genotype and tobacco exposure has been suggested to increase the 

risk of asthma in one previous study investigating prenatal tobacco exposure (15) and in two 

studies investigating tobacco exposure in early childhood (16,17). However, whether such 

interaction is present for intermediary asthma traits such as forced flows, airway resistance and 

bronchial hyperresponsiveness and for allergy-related traits and Type 2 inflammation remains to 

be elucidated.  

In this study, we utilize the detailed clinically phenotyped Copenhagen Prospective Studies on 

Asthma in Childhood 2000 (COPSAC2000) birth cohort (18) to investigate the effects of prenatal 

tobacco exposure and relation to 17q12-21 genetic variants on development of multiple asthma 

and allergy-related traits in the first 7 years of life. The combination of objective assessments of 

tobacco exposure in utero, 17q-12-21 genotype data and a broad array of longitudinally collected 

asthma and allergy outcomes from birth in the same population makes this study a unique 

contribution to the literature on harmful effects of prenatal tobacco exposure on respiratory 

outcomes in childhood.   



METHODS  

Study Population 

COPSAC2000 is an ongoing, prospective birth cohort of 411 children born to mothers with a 

history of asthma. Enrollment took place during their first month of life, excluding children with 

severe congenital abnormality, gestational age <36 weeks or lung symptoms prior to enrolment. 

The cohort has previously been described in detail (18,19).  

Ethics 

The study was conducted in accordance with the guiding principles of the Declaration of 

Helsinki and was approved by the Local Ethics Committee (KF 01-289/96) and the Danish Data 

Protection Agency (2008-41-1754). Both parents gave oral and written informed consent before 

enrolment.  

Prenatal Tobacco Exposure  

Prenatal tobacco exposure was defined as maternal smoking during 3
rd

 trimester (yes/no) and 

was determined by parental interviews at enrollment of the child at the COPSAC clinic (20). We 

also measured dry blood spot cotinine level by age 1-12 days and postnatal tobacco exposure by 

hair nicotine level by age 1 year (21).  

Asthma-related Outcomes 

Asthma was solely diagnosed by the COPSAC pediatricians according to international guidelines 

such as e.g. GINA, as previously detailed (22), based on a predefined, validated algorithm using 

repeated symptoms and response to treatment: 1) recurrent episodes of troublesome lung 

symptoms; 2) symptoms typical of asthma; 3) response to intermittent rescue use of inhaled β2-

agonist; and 4) response to a 3-month course of inhaled corticosteroids (ICS, budesonide, 400 



mcg/day) and relapse when stopping treatment (see Online Supplement) (22,23). Asthma from 

age 0-7 years was used as the main outcome. Asthma at age 7 years was defined as having ICS-

dependent asthma between the 6
th

 and 8
th

 birthday.  

As secondary asthma endpoints, we examined persistent and transient asthma, allergic and non-

allergic asthma, and T2-high and T2-low asthma (see Online Supplement).  

Exacerbations at age 0-7 years were defined from the need of oral prednisolone (1 mg/kg for 3 

days) or high-dose ICS (budesonide 1600 mcg/day for 14 days) prescribed by the COPSAC 

pediatricians, or need of hospitalization (23). 

Troublesome Lung Symptoms were explained to the parents as wheeze or whistling sounds, 

breathlessness, or recurrent troublesome cough severely affecting the well-being of the child and 

were registered in a daily diary from birth, as earlier described by Bisgaard et al. (22). The 

diaries were reviewed with the parents at the visits (19,22). An episode was defined as 3 

consecutive days with symptoms (22). Only children with more than 90% of days recorded in the 

diary were included.  

Lower Respiratory Tract Infections (LRTIs) at age 0-3 years included a clinical diagnosis of 

bronchiolitis or pneumonia (24).   

Lung Function and Bronchial Responsiveness: Forced expired volume in the first second (FEV1), 

forced vital capacity (FVC) and maximal mid-expiratory flow (MMEF) were measured by 

spirometry and specific airway resistance (sRaw) was measured by whole body 

plethysmography. Bronchial responsiveness to cold dry air was measured at 6 years of age 

defined as the percent change from baseline in sRaw and FEV1. The provocative dose of 

methacholine causing a 20% drop in FEV1 (PD20) was estimated from the dose-response curves 



at age 6,5. Bronchial responsiveness to exercise was defined as the maximum percentage decline 

in FEV1 from baseline within 10 minutes after exercise at age 7 (25). Quality control of the 

spirometry measurements are described in the Online Supplement. 

Neonatal lung function (forced expiratory volume in the first 0.5 second (FEV0.5) and forced 

expiratory flow at 50% (FEF50)) and bronchial reactivity to methacholine (PD15) were measured 

at one month of age (20,25). 

Allergy-related Outcomes 

Allergic Sensitization to common aeroallergens was determined at age 6 years by skin prick test 

(ALK-Abelló, Copenhagen, Denmark), defining a positive test as a mean wheal diameter of 3 

mm or larger than the negative control, and/or by specific-IgE measurements (ImmunoCAP, 

Phadia AB, Uppsala, Sweden) using a cut-off at 0.35 kU/L or above (26) (see Online 

Supplement).  

Rhinits was diagnosed by the COPSAC pediatricians based on parental interviews on symptoms 

in the child´s seventh year of life, defined by troublesome sneezing or blocked or runny nose, 

severely affecting the wellbeing of the child in periods without common cold or flu. Allergic 

rhinitis was diagnosed in children with sensitization to aeroallergens clearly related to the 

symptomatic periods (27). 

FeNO, blood eosinophil count and EPX: Fractional exhaled nitric oxide (FeNO) was measured at 

age 7 by an online technique and blood samples were analyzed for eosinophil count at 6 months 

and 7 years of age (27). Eosinophil protein X (EPX) was measured in urine samples collected at 

ages 1 and 6 months by a double-antibody immunoassay (28).  

  



 

Atopic dermatitis 

Atopic dermatitis was diagnosed by COPSAC pediatricians with clinical assessment according to 

Hanifin and Rajka diagnostic criteria based on the presence of 3 of 4 major criteria and at least 3 

of 23 minor criteria (29).  

Genotyping 

The rs7216389 SNP located on chromosome 17q12-21 was genotyped by allelic discrimination 

(23). We chose rs7216389, with T being the risk allele, as main representative of the 17q12-21 

locus to adhere with previous COPSAC studies (23,30) and because it has been strongly 

associated with early-onset asthma (31). We also included two additional SNPs in the 17q12-21 

region, rs12936231 and rs2305480, with C and G being the risk alleles, respectively (see Online 

Supplement).  

Covariates 

Exposures known to be associated with tobacco smoking, risk of asthma or both, were included 

as covariates. These included birth by caesarean section (yes/no), older children living in the 

child’s home at birth (yes/no), social circumstances, duration of exclusive breastfeeding, age at 

start of daycare, household cat ownership at birth (yes/no), exposure to passive smoke during 

childhood (yes/no), mothers’ sensitization, fine particulate matter (PM2.5), blackness of the 

particulate matter (“black smoke”), neonatal lung function (FEV0.5, FEF50) and neonatal 

bronchial responsiveness (PD15) (see Online Supplement). 

  



 

Statistical analysis 

Age of onset of asthma, exacerbations and atopic dermatitis were analyzed using Cox 

proportional hazard regression models computing hazard ratios (HR). The proportionality of the 

hazards across time was checked using Kaplan Meier curves. Maternal smoking in the 3
rd

 

trimester was used as dichotomous exposure, whereas cotinine and nicotine were used as a 

continuous exposure. In the Cox proportional hazard regression model examining the risk of 

exacerbations, the effect modification by history of LRTI was investigated in an interaction 

model by adding cross-products to the model. Lung function measures were calibrated for 

height, sex and age. The effect of prenatal tobacco exposure on lung function, FeNO, blood 

eosinophil count and EPX were analyzed using linear regression computing estimates of mean 

difference (MD) and geometric mean ratios (GMR). Asthma, allergic rhinitis, and allergic 

sensitization were analyzed by logistic regression computing odds ratios (OR). Number of 

episodes with troublesome lung symptoms, exacerbations and LRTIs were analyzed by Quasi-

Poisson regression computing incidence rate ratios (IRR). The Quasi-Poisson model was used to 

account for overdispersion in the data (see Online Supplement).  

Effect modification by 17q12-21 genotype was investigated in genotype stratified analyses and 

interaction models by adding cross-products to the models alongside main effects of each term. 

Missing data were not included in the analyses and we did not use imputation for missing values. 

All analyses were adjusted for the confounders caesarean section, older children living in the 

child’s home at birth, social circumstances, duration of exclusive breastfeeding, age at start of 

daycare and household cat ownership at birth. Analyses of urine EPX were further adjusted for 

creatinine excretion (28). As we previously showed that prenatal tobacco exposure is associated 



with decreased lung function at age 1 month (20), we additionally adjusted FEV1, MMEF and 

PD20 for neonatal lung function. We also previously showed that cat exposure in early life 

decreases asthma risk from the 17q12-21 high-risk variant (32), and therefore adjusted our 

analysis for risk of asthma and exacerbations for household cat at birth.  

Statistical analyses were performed in R project 4.0.0 (33) using a significance level of p<0.05.  

 

RESULTS  

Baseline Characteristics  

Information on maternal smoking during 3
rd

 trimester was available for all 411 children, showing 

that 63 (15.3%) were exposed. Dry blood spot cotinine level was analyzed in 388 (94.4%) and 

hair nicotine level in 368 (89.5%) of the children. All three measures of tobacco exposure were 

highly correlated (Figure E1).  

Children exposed versus not exposed to maternal smoking during pregnancy had lower birth 

length and weight, were exclusively breastfed for a shorter time, had lower social circumstances, 

were more often exposed to passive smoke during childhood, and more often had household cat 

ownership at birth (Table E1). 

Prenatal Tobacco Exposure and Asthma-related Outcomes 

Asthma: The risk of developing asthma at age 0-7 years was higher in children exposed versus 

not exposed: aHR 2.05, 95% CI 1.13 to 3.73, p=0.02 (Table 1, Figure 1), which was also 

significant after adjusting for passive smoke exposure in childhood, PM2.5, black smoke and 

mothers’ sensitization (Table E2). Higher dry blood spot cotinine level at birth was also 

associated with an increased risk of asthma: HR per doubling of cotinine level, 1.18, 95% CI 



1.01 to 1.37, p=0.03 (Figure E2), whereas hair nicotine level at age one year was not: HR per 

doubling nicotine level 1.06, 95% CI 0.95 to 1.18, p=0.31 (Table E3).  

Current asthma at age 7 years was diagnosed in 26.5% of the exposed children compared to 

15.6% of children not exposed: aOR 2.53, 95% CI 0.98 to 6.21, p=0.047 (Table 1).   

We found no significant difference on the effect of prenatal tobacco exposure on persistent 

versus transient asthma, allergic versus non-allergic asthma or T2-high versus T2-low asthma 

(Table E4).  

Exacerbations: The risk of exacerbations at age 0-7 years was increased in children exposed vs. 

not exposed: aHR 3.76, 95% CI 2.05 to 6.91, p<0.001 (Table 1, Figure 2), which was also 

significant after adjusting for passive smoke in childhood, PM2.5, black smoke and mothers’ 

sensitization (Table E2). Higher cotinine level was associated with an increased risk of 

exacerbations: HR 1.25, 95% CI 1.07 to 1.47, p<0.01 (Figure E3), which was also the case for 

hair nicotine level: HR 1.18, 95% CI 1.05 to 1.32, p<0.01 (Table E3).  

The number of exacerbations was higher in children exposed versus not exposed: median 0 (IQR 

0-1) versus 0 (IQR 0-0), aIRR 2.41, 95% CI 0.99 to 5.29, p=0.04 (Table 1). 

Restricting the analyses to children with a diagnosis of asthma (n=72) showed a trend of 

increased risk of exacerbations in exposed children: HR 1.79, 95% CI 0.92 to 3.50, p=0.09. The 

effect of prenatal tobacco smoke on exacerbations was not significantly dependent on history of 

LRTI (p-interaction=0.24).  

  



 

Episodes with lung symptoms: The number of LRTIs was higher in children exposed versus not 

exposed: median 2 (IQR 0.5-3.0) versus 1 (IQR 0-2), aIRR 1.87, 95% CI 1.34 to 2.55, p<0.001, 

but there was no significant difference for episodes with troublesome lung symptoms: median 10 

(IQR 5.25-13.50) versus 6 (IQR 2-11), aIRR 1.13, 95% CI to 0.83 to 1.52, p=0.43 (Table 1).   

Lung function and bronchial responsiveness: Prenatal tobacco exposure was associated with 

decreased FEV1 (aMD -0.07 L, 95% CI -0.13 to -0.005, p=0.03), decreased MMEF (aMD -0.19 

L/s, 95% CI -0.34 to -0.04, p=0.01) and increased bronchial responsiveness to methacholine, i.e. 

lower PD20 (aGMR 0.55, 95% CI 0.31 to 0.96, p=0.04). Adjusting FEV1, MMEF and PD20 for 

neonatal lung function did not change the results (Table E5). There was no association with 

FVC, sRaw or responsiveness to exercise or cold air (Table 1).  

Prenatal Tobacco Exposure and Allergy-related Outcomes 

Aeroallergen sensitization and allergic rhinitis were diagnosed in 33% and 13% of children 

exposed to prenatal tobacco smoke versus 29% and 18% of children not exposed, respectively, 

showing no significant differences. Further, there was no association with FeNO level, blood 

eosinophil count or urine EPX levels (Table 2).  

Prenatal Tobacco Exposure and Atopic Dermatitis 

Atopic dermatitis was diagnosed in 32% of children exposed to prenatal tobacco smoke versus 

45% of children not exposed, showing no significant differences (Table 2). 

Effect Modification by 17q12-21 Genotype 

The SNP rs7216389 was genotyped in 388 (94.4%) of the 411 children with a genotype 

distribution of TT 29.4%, CT 47.9% and CC 22.7% (asthma risk allele: T). We investigated 



interaction with 17q12-21 genotype for the endpoints, where a main effect of prenatal tobacco 

exposure was observed. In children with rs7216389 wildtype CC genotype, prenatal tobacco 

exposure increased the risk of asthma: HR 4.25, 95% CI 1.42 to 12.73, p<0.01, whereas there 

was no increased risk among children with high-risk TT genotype: HR 1.00, 95% CI 0.38 to 

2.63, p=1.00, p-interaction=0.048 (Figure 3). There was no interaction for other asthma-related 

endpoints, including exacerbations, lung function and bronchial responsiveness (Table 3). Using 

dry blood spot cotinine or hair nicotine as tobacco exposure measures showed similar results 

(Table E6). Using rs12936231 and rs2305480 genotypes also showed similar results (Table E7).  

Adjusting the cox regression analyzing the risk of asthma and exacerbations for household cat at 

birth did not change the results (Table E8).  

 

DISCUSSION  

Primary Findings 

In our Danish COPSAC2000 birth cohort, children with prenatal tobacco exposure had a doubled 

risk of developing asthma, tripled risk of exacerbations, a doubled risk of LRTIs, reduced lung 

function and increased bronchial responsiveness by age 7 compared to children not exposed. In 

contrast, there was no association between prenatal tobacco exposure and risk of allergy, Type 2 

inflammation markers or atopic dermatitis. The effect on asthma depended on 17q12-21 

genotype with an increased risk only among children without risk alleles, whereas there was no 

interaction for the other asthma or allergy-related endpoints. 

  



 

Strength and Limitations 

The major strength of the study is the prospective monitoring of asthma, exacerbations, LRTIs, 

lung function, bronchial responsiveness, allergy, Type 2 inflammation markers and atopic 

dermatitis in the first seven years of life (18). The children were seen for clinical evaluation and 

lung function assessment already at age one month with repeated scheduled half-yearly 

assessments until age 7 (16 visits) in conjunction with acute care visits upon onset of respiratory 

symptoms. Further, troublesome lung symptoms were registered prospectively by the parents in 

daily diaries since birth, thereby diminishing recall bias (18,34).  

Children with asthma were exclusively diagnosed, treated and followed as outpatients by the 

COPSAC pediatricians according to a predetermined validated quantitative symptom algorithm, 

response to ICS treatment and relapse after discontinuation (35). This approach makes the 

COPSAC cohort unique compared to other studies using questionnaire-based diagnoses or 

diagnoses made by local doctors, which are much more heterogeneous, although there is still a 

risk for over- and underdiagnosing asthma in children (36,37). Having all these asthma and 

allergy-related traits in the same population combined with objective measures of prenatal 

tobacco exposure and genotyping data made it possible to explore the effects of prenatal tobacco 

exposure and relation to 17q12-21 genotype on a wide array of different, longitudinally collected 

endpoints, which is an important contribution to the literature on harmful effects of tobacco 

exposure on respiratory outcomes in childhood. 

Prenatal tobacco smoke exposure was determined by parental interview data, but as this may be 

subject to recall bias and underreporting, we included objective measures of cotinine and 

nicotine (20,21) and parental information about passive smoke exposure during childhood. 



Measurements of nicotine in hair at age one year is a measure of postnatal tobacco exposure but 

were highly correlated to maternal smoking during 3
rd

 trimester of pregnancy. Information on a 

wide range of other environmental exposures known to be associated with tobacco smoking, risk 

of asthma or both is another advantage. This allowed robust confounder adjustments, which did 

not change the findings. The wide range of different lung function assessments is also one of the 

strengths of our study, as it makes it possible to address how prenatal tobacco expose is 

associated with both lung volumes, airway resistance and response to different provocation tests. 

However, it is an inherited limitation to studies of young children that the asthma diagnosis 

cannot be objectivized by lung function tests and therefore must rely on symptoms and response 

to treatment. Current ERS guidelines recommend not diagnosing asthma in children aged 5 to 16 

years based on clinical history alone or a single abnormal objective test. The guidelines 

recommend using the objective measurements spirometry, bronchodilator reversibility testing 

and FeNO as the first line tests when diagnosing asthma in children at this age (38). As our 

cohort includes children up to 7 years of age, it may be a limitation that the diagnosis of asthma 

in children in children above 5 years of age, i.e. 5-7 years, was based on clinical history and 

response to treatment instead of objective tests.  

Compared to other ongoing birth cohorts, our cohort is small with 411 children, which may be a 

limitation of this study. Hence, power issues might be a challenge where weak, but true, 

estimates are at play; e.g. for the allergy-related outcomes. The COPSAC2000 cohort of children 

with high risk of asthma and the limited ethnic variation diminish the generalizability of our 

findings. Loss to follow up might be influenced by the child’s respiratory health; i.e. fewer loss 

to follow-up with asthma and allergy and our results might be biased due to this.  



Finally, studying gene-environment interactions is very complex and may in our case include 

genes outside the 17q12-21 locus. Unmeasured gene-environment interactions may therefore be 

a limitation of our study. Additionally, there might be unmeasured confounders that should have 

been adjusted for. 

Interpretation 

We found that prenatal tobacco exposure was associated with an increased risk of asthma, 

exacerbations, LRTIs, reduced lung function and increased bronchial responsiveness in the first 

seven years of life. These findings align with previous studies showing that prenatal tobacco 

exposure is associated with either an increased risk of childhood asthma (2–4), exacerbation risk 

(3,6) or decreased lung function at school age (4,6), but our study is the first to analyze the effect 

on a wide array of asthma outcomes, i.e. symptoms load, respiratory infections, severe 

exacerbations, forced flows, airway resistance and bronchial responsiveness in the same 

population.  

Interestingly, prenatal tobacco exposure was associated with bronchial responsiveness to 

methacholine but not with responsiveness to exercise or cold air challenge, which may be due to 

the differences between the challenges with the former being a direct and the latter two being 

indirect provocation tests. It has been suggested that prenatal tobacco exposure impairs airway 

development and/or lung elastic properties in utero (39), leading to lung function deficits and an 

increased risk of asthma. The possible mechanisms have been studied in guinea pigs (40) and 

mice (41,42), showing that tobacco exposure during pregnancy altered gene expression involved 

in lung development, leading to airway remodeling and increased bronchial responsiveness to 

methacholine in the offspring. Additionally, a review (1) including mice, rats, sheep and monkey 

studies proposed that airway remodeling and airway hyperresponsiveness are likely caused by 



prenatal tobacco exposure and further suggested that prenatal exposure to nicotine stimulated 

lung branching and dysanaptic lung growth, i.e. incongruence between growth of the lungs and 

the airways, leading to an increased number of airways of small diameter. Dysanaptic airway 

growth may lead to decreased forced expiratory flows, increased airway responsiveness and 

predisposition to airway disease. Children exposed to prenatal tobacco may suffer from 

dysanaptic airways rather than asthma as we found reduced forced flows and increased bronchial 

responsiveness to methacholine (direct test), but not increased responsiveness to exercise or cold 

air challenge (indirect tests) or elevated Type 2 markers. Dysanaptic lung growth might occur in 

the absence of asthma, but it is earlier shown that dysanapsis is associated with worse disease 

severity in children suffering from asthma (43) and it is not unlikely that prenatal tobacco 

exposure is associated with both dysanaptic airways and asthma as suggested by our data. The 

lack of an association between prenatal tobacco exposure and responsiveness to exercise or cold 

air challenge in our study could also be explained by these indirect tests’ lower sensitivity 

compared to the direct methacholine challenge test and/or lack of power in these analyses.   

In our study, there was no association between prenatal tobacco exposure and risk of developing 

aeroallergen sensitization, allergic rhinitis or elevated Type 2 inflammation markers, including 

FeNO, blood eosinophile count and urine EPX level. This suggests that prenatal tobacco 

exposure has adverse lung developmental/structural effects in utero, which may lead to 

diminished lung function and increased risk of asthma, whereas there are no adverse effects on 

allergy outcomes or Type 2 inflammation in early childhood.  

A systematic review of the effects of prenatal and childhood tobacco exposure identified studies 

showing both increased and reduced risk of allergic sensitization, but only three studies 

examined prenatal tobacco exposure and showed a trend of reduced risk of sensitization (8). A 



cross-sectional study in 1,714 Italian children aged 7-16 years, based on parental questionnaire 

and skin prick tests, showed that maternal smoking during pregnancy was a risk factor for 

allergic sensitization (9). In contrast, a study of 3,316 children from the BAMSE study (11) 

showed no association between maternal smoking during pregnancy and sensitization up to 16 

years of age. The German MAS study of 1,314 children (7) and a study of 10,860 children from 

the MeDALL birth cohort consortium (2) both showed that any maternal smoking during 

pregnancy was not associated with risk of allergic rhinitis, whilst the latter showed that maternal 

smoking of >10 cigarettes per day during the whole pregnancy period increased the risk. Lee et 

al. found that prenatal exposure to maternal passive smoking, but not prenatal exposure to 

maternal active smoking, was associated with allergic rhinitis in Chinese children (10). One 

study have shown that prenatal tobacco exposure was not associated with FeNO at age 6 years 

(7), whereas no previous studies have examined the effect of prenatal exposure on blood 

eosinophil count or urine EPX levels in childhood.  

We found no association between prenatal tobacco exposure and risk of developing atopic 

dermatitis in the first seven years of life, which adds to the interpretation that prenatal tobacco 

exposure increases the risk of asthma, but not atopy-related endpoints. This is in line with studies 

of Chinese children (10) and Swedish children in the BAMSE study (12). However, Lee et al 

(10) found an increased risk of atopic dermatitis among children exposed to passive smoking 

during childhood and speculated that the lack of association between active smoking during 

pregnancy and atopic dermatitis in offspring is due to a small number of smoking pregnant 

mothers. Two studies showed that prenatal tobacco exposure increased the risk of atopic 

dermatitis (13,14), but these studies were performed in infants.  

  



 

We observed that the harmful effect of prenatal tobacco exposure on risk of asthma development 

interacted with 17q12-21 genotype where only children with wildtype genotype had an increased 

risk. Interestingly, there was no such interaction for exacerbations, LRTIs, lung function or 

bronchial responsiveness. Prenatal tobacco exposure may increase the risk of asthma dependent 

on 17q12-21 genotype by altering the expression of genes regulating immune responses 

(31,44,45), whereas lung developmental/structural effects of tobacco exposure affecting lung 

function in childhood seems independent of 17q12-21 genotype, which fits well with previous 

studies showing no association between 17q12-21 genotype and lung function (23,46).  

Our 17q12-21 interaction finding for asthma is opposite to previous studies, which have shown 

the highest risk of asthma in children with high-risk genotype exposed to tobacco smoke (15–

17). However, two of the studies examined the effect of early-life tobacco exposure, not prenatal 

exposure (16,17), which may account for the opposite findings as tobacco smoke has irritative 

effects in childhood. The third study examined the effect of prenatal tobacco exposure in the 

Generation R Study (2,438 mothers and children) and in the PIAMA cohort (2,023 mothers and 

children) and only observed significant interaction with  17q12-21 genotype in a combined 

analyses of the cohorts (15).  

The at-risk nature of the COPSAC2000 birth cohort might be another explanation of the opposite 

findings as mothers with a history of asthma might have a different behavior, environment, 

awareness of symptoms and use of medication. Further, children of mothers who smoked in 

pregnancy were more likely to have cat. This may be important as we previously showed that cat 

exposure in early life decreases asthma risk from the 17q12-21 high-risk variant (32), but 



adjusting the analysis for household cat did not change the results, supporting that this cannot 

explain our findings. Finally, our opposite findings could also be spurious due to the low 

numbers in our cohort.  

Conclusion 

Prenatal tobacco exposure was associated with an increased risk of asthma dependent on 17q12-

21 variants, exacerbations, LRTIs, decreased lung function and increased bronchial 

responsiveness, but showed no association with risk of allergy outcomes or elevated Type 2 

inflammation markers during early childhood. These findings suggest that prenatal tobacco 

exposure predominantly has adverse lung developmental/structural effects in utero, leading to 

diminished lung function and increased risk of non-atopic asthma.  
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TABLES  

Table 1. Prenatal tobacco exposure and asthma endpoints 

 N Tobacco exposure 3rd trimester Adjusted Estimate
a
 (95% CI), p-value 

Yes  No  

Asthma 0-7 years, % (n cases/all)  411 25.4 % (16/63) 16.1 % (56/348) aHR 2.05 (1.13; 3.73), p=0.02 

Asthma at age 7 years, % (n cases/all) 277 26.5% (9/34) 15.6% (38/243) aOR 2.53 (0.98; 6.21), p=0.047 

Exacerbations 0-7 years, % (n cases/all) 411 30.2 % (19/63) 12.4 % (43/348) aHR 3.76 (2.05; 6.91), p<0.001 

Number of exacerbations 0-7 years, median (IQR) 307 0 (0-1) 0 (0-0) aIRR 2.41 (0.99; 5.29), p=0.04 

Number of LRTI 0-3 years, median (IQR) 334 2 (0.5-3.0) 1 (0-2) aIRR 1.87 (1.34; 2.55), p<0.001 

Number of episodes ( 3 days) of troublesome lung 

symptoms 0-3 years, median (IQR)  

275 

 

10 (5.25-13.50) 6 (2-11) aIRR 1.13 (0.83; 1.52), p=0.43 

FEV1 at age 7 years, L, mean (SD) 311 1.40 (0.17) 1.45 (0.19) aMD -0.07 (-0.13; -0.005), p=0.03 

FVC at age 7 years, L, mean (SD) 311 1.51 (0.19) 1.55 (0.20) aMD -0.04 (-0.10; +0.03), p=0.24 

MMEF at age 7 years, L/s, mean (SD)  308 1.70 (0.41) 1.83 (0.46) aMD -0.19 (-0.34; -0.04), p=0.01 

sRaw at age 7 years, kPa/s, geometric mean  307 1.28 1.30 aGMR 1.01 (0.94; 1.09), p=0.71 

PD20 at age 6,5 years, µmol, geometric mean 248 0.77 1.27 aGMR 0.55 (0.31; 0.96), p=0.04 

Exercise induced drop in FEV1 at age 7 years, %, 

mean (SD) 

265 -10.48 (9.73) -9.64 (10.27) aMD -0.45 (-4.62; +3.72), p=0.83 

Cold dry air induced difference in FEV1 at age 6 

years, %, mean (SD)  

267 -4.46 (10.68) -3.97 (9.69) aMD -0.61 (-4.29; 3.08), p=0.75 

Cold dry air induced difference in sRaw at age 6 

years, %, mean (SD) 

253 13.27 (22.16) 11.49 (27.04) aMD +0.67 (-9.72; +11.0), p=0.90 

a
aHR (adjusted hazard ratio) computed by cox regression for age at onset outcomes, aMD (adjusted mean difference) computed by 

linear regression for continuous outcomes, aGMR (adjusted geometric mean ratio) computed by linear regression for log-transformed 



continuous outcomes, aIRR (adjusted incidence rate ratio) computed by Quasi-Poisson regression for count outcomes, aOR (adjusted 

odds ratio) computed by logistic regression for binary outcomes. All analyses adjusted for: Caesarean section, siblings living at home 

at birth, duration of exclusive breastfeeding, age at start of daycare, social circumstances score, household cat at birth. 

  



 

Table 2. Prenatal tobacco exposure and allergy-related and skin endpoints 

 N Tobacco exposure 3rd trimester Adjusted Estimate
a
 (95% CI), p-

value Yes  No  

Aeroallergen sensitization at age 6 years, % (n 

cases/all) 

283 33.3% (12/36) 29.1% (72/247) aOR 1.30 (0.14; 0.73), p=0.52 

Allergic rhinitis at age 7 years, % (n cases/all)  223 13.3% (4/30) 17.6% (34/193) aOR 1.00 (0.26; 3.07), p=1.00 

FeNO at age 7 years, ppb, geometric mean 260 7.80 7.50 aGMR 1.14 (0.90; 1.43), p=0.28 

Blood eosinophil count at 6 months, geometric 

mean 

284 0.29 0.27 aGMR 1.04 (0.83; 1.31), p=0.75 

Blood eosinophil count at 7 years, geometric mean 264 0.32 0.31 aGMR 1.07 (0.82; 0.32), p=0.60 

Urine EPX at age 4 weeks, geometric mean 369 80.4 88.3 aGMR
b
 0.94 (0.79; 1.12), p=0.47 

Urine EPX at age 6 months, geometric mean 337 126.1 139.2 aGMR
b
 0.96 (0.73; 1.26), p=0.75 

Atopic Dermatitis 0-7 years, % (n cases/all)  411 31.7 % (20/63) 45.1 % (157/348) aHR 0.97 (0.66; 1.42), p=0.86 

a
aHR (adjusted hazard ratio) computed by cox regression for age at onset outcomes, aGMR (adjusted geometric mean ratio) computed 

by linear regression for log-transformed continuous outcomes, OR (adjusted odds ratio) computed by logistic regression for binary 

outcomes. All analyses adjusted for: Caesarean section, siblings living at home at birth, duration of exclusive breastfeeding, age at 

start of daycare, social circumstances score, household cat at birth. 

b
 Analysis further adjusted for creatinine excretion. 

 



Table 3. Prenatal tobacco exposure and risk of asthma endpoints by 17q12-21 (rs7216389) genotype. 

 Rs7216389 genotype 

 

Outcome Genotype TT 

Estimate
a
  

(95% CI), p-value 

Genotype CT 

Estimate
a 

(95% CI), p-value 

Genotype CC 

Estimate
a 

(95% CI), p-value 

P interaction per 

risk allele
b 

Asthma endpoints 

Asthma 0-7 years, HR HR 1.00 (0.38; 2.63), 

p=1.00 

HR 1.70 (0.69; 4.18), 

p=0.25 

HR 4.25 (1.42; 12.7), 

p<0.01 

0.048 

Asthma at age 7 years, OR OR 0.77 (0.11; 3.40), 

p=0.75 

OR 2.62 (0.75; 8.23), 

p=0.11 

OR 3.57 (0.44; 22.3), 

p=0.18 

0.19 

Exacerbations 0-7 years, HR HR 2.64 (1.21; 5.78), 

p=0.02 

HR 2.48 (0.97; 6.35), 

p=0.06 

HR 6.98 (1.86; 26.1), 

p<0.01 

0.35 

Number of exacerbations 0-7 years, IRR IRR 1.56 (0.37; 4.88), 

p=0.49 

IRR 2.15 (0.48; 7.04), 

p=0.35 

IRR 4.58 (0.51; 32.3), 

p=0.13 

0.37 

Number of LRTI 0-3 years, IRR IRR 1.68 (1.01-2.70), 

p=0.04 

IRR 1.97 (1.15-3.19), 

p<0.01 

IRR 2.27 (1.02-4.58), 

p=0.03 

0.51 

FEV1 at age 7 years 1, L, MD MD -0.08 (-0.20; 

+0.03), p=0.17 

MD -0.08 (-0.16; 

+0.004), p=0.06 

MD +0.05 (-0.09; 

+0.19), p=0.46 

0.19 

MMEF at age 7 years, L/s, MD MD -0.11 (-0.36; 

+0.15), p=0.40 

MD -0.18 (-0.39; +0.03), 

p=0.09 

MD +0.02 (-0.33; 

+0.37), p=0.90 

0.65 

PD20 at age 6,5 years, geometric mean 

ratio 

GMR 0.57 (0.22; 1.46), 

p=0.24 

GMR 0.72 (0.32; 1.64), 

p=0.43 

GMR 0.44 (0.12; 

1.56), p=0.20 

0.80 

a
HR (hazard ratio) computed by cox regression for age at onset outcomes, MD (mean difference) computed by linear regression for continuous 

outcomes, GMR (geometric mean ratio) computed by linear regression for log-transformed continuous outcomes, IRR (incidence rate ratio) 

computed by Quasi-Poisson regression for count outcomes, OR (odds ratio) computed by logistic regression for binary outcomes. 

b
P interaction between prenatal tobacco exposure and risk allele on the risk of different outcomes.  



FIGURE CAPTIONS 

 



Figure 1. Kaplan Meier curve showing the risk of asthma during the first 7 years of life for children with and without prenatal tobacco 

exposure.  

  



 



Figure 2. Kaplan Meier curve showing the risk of exacerbations during the first 7 years of life for children with and without prenatal 

tobacco exposure.  

  



 



Figure 3. Kaplan Meier curves showing the risk of asthma during the first 7 years of life for children with and without prenatal 

tobacco exposure, stratified by 17q12-21 genotype (rs7216389).    
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METHODS  

Patient and Public Involvement 

The COPSAC2000 cohort study is conducted in continuing collaboration with the 411 

participating families. Through regular surveys the families are queried about their 

motivations and attitudes towards participation in the close clinical follow-up at our research 

clinic and our ongoing activities are adjusted according to the priorities and preferences 

expressed in the answers. In biannual newsletters the families are updated on upcoming 

research activities and recent published results from the cohort.   

There were no direct patient and public involvement with regards to development of 

outcomes, interpretation or dissemination of the results of this specific study. 

Asthma-related Outcomes 

Asthma was solely diagnosed by the COPSAC pediatricians according to a predefined, 

validated algorithm including all of the following: 1) recurrent episodes of troublesome lung 

symptoms (defined as five or more episodes, each of three consecutive days, within a six-

month period, or daily symptoms for four consecutive weeks); 2) symptoms typical of 

asthma; e.g. exercise-induced symptoms, prolonged nocturnal cough, recurrent cough outside 

the common cold, and symptoms causing wakening at night; 3) response to intermittent 

rescue use of inhaled β2-agonist; and 4) response to a 3-month course of inhaled 

corticosteroids (ICS, budesonide, 400 mcg/day) and relapse when stopping treatment. The 

effect of β2-agonist was based on the parents’ report. The effect of ICS was based on fewer 

symptoms registered in the diaries by the parents. The diaries entries were reviewed with the 

parents at the visits.  

Lung Function and Bronchial Responsiveness: When assessing the quality of the spirometry, 

we followed a predefined algorithm: 1) At least three completed expirations, each with an 



expiration phase of at least one second and an expiration curve with a rapid increase, well 

defined peak flow and an even decrease; 2) The two measures with the highest FEV1 were 

chosen; 3) Of the two chosen measures, the highest FEV1 should not deviate more than 10% 

or 0.1 L from the lowest FEV1. Only the measurements fulfilling these requirements were 

included.  

Persistent asthma was defined as having asthma at age 7 years and transient asthma was 

defined as having asthma at some point from birth to age 6 years, but not at age 7 years. 

Allergic asthma was defined as having asthma at age 7 years and being sensitized to common 

aeroallergens at age 6 years, while non-allergic asthma was defined as having asthma at age 7 

years and not being sensitized to common aeroallergens at age 6 years. T2-high asthma was 

defined as having asthma at age 7 years and either being sensitized to common aeroallergens 

at age 6 years, having blood eosinophil count over or equal to 0.3 or FeNO over or equal to 

25 ppb, while T2-low asthma was defined as having asthma at age 7 years and not being 

sensitized to common aeroallergens at age 6 years, having blood eosinophil count under 0.3 

and FeNO under 25 ppb. 

Allergy-related Outcomes 

Allergic Sensitization was defined as sensitization towards cat, dog, horse, birch, timothy 

grass, mugwort, house dust mites and moulds. 

Genotyping 

The SNPs rs12936231 and rs2305480 were genotyped as part of genome-wide genotyping 

using the Illumina Infinium HumanOmniExpressExome Bead chip at the AROS Applied 

Biotechnology AS center, in Aarhus, Denmark. We excluded individuals with individual 

genotyping call rate < 0.95, gender mismatch, genetic duplicates, outlying heterozygosity > 

0.26 and < 0.43, and those individuals not clustering with the CEU individuals (North and 



West European ancestry) through a multi dimensional clustering analyses (MDS) seeded with 

individuals from the International Hap Map Phase 3. 

Covariates 

Active smoke during pregnancy was defined as mother smoking at least one cigarette per 

week on average during third trimester. Passive smoke during childhood was defined as 

passive smoke of at least one cigarette at home one or more days a week per year during the 

first 7 years of life. Social circumstances, PCA, was a combined score derived from a 

principal component analysis including household income, mothers’ education level and 

mothers’ age. Mothers’ sensitization to common aeroallergens was defined as specific-IgE 

measurements (ImmunoCAP, Phadia AB, Uppsala, Sweden) using a cut-off at 0.35 kU/L or 

above. Fine particulate matter (PM2.5) were measured in the bedrooms of the infants at age 9 

and 22 months. The blackness of the PM2.5, denoted as “black smoke”, is an indicator of the 

black carbon content of the collected particulate matter. PM2.5 and black smoke were 

calibrated (1).  

To check whether the continuous covariates were normally distributed, a QQ-plot was made 

and analysed. Social circumstances, FEV0.5 and FEF50 were normally distributed, whereas 

breastfeeding length, age start day-care, fine particulate matter (PM2.5), blackness of the 

PM2.5 (“black smoke”), and PD15 were not normally distributed.  

Statistics 

Baseline characteristics of included versus excluded children were compared using Chi-

Square test, Fisher’s exact test, Student’s t test, and Mann Whitney U Test (Wilcoxon Rank-

Sum Test). Cotinine, nicotine, PD20, sRaw, FeNO, blood eosinophil count and EPX were 

log2-transformed to obtain normal distribution. 



Number of episodes with troublesome lung symptoms, exacerbations and LRTIs were 

analyzed by Quasi-Poisson to account for overdispersion in the data. Using this model is a 

standard way of dealing with overdispersed data, meaning the variance being greater than the 

mean of the count distribution of the data (2). Using regular Poison regression would in this 

case be wrong and would lead to false results with unrealistically small p-values, since the 

variance would be underestimated.   



RESULTS 

Interaction effects of 17q12-21 Genotype 

Genotypes of the other two 17q12-21 SNPs rs12936231 and r2305480 were available in 358 

children (87.1%). The SNPs rs7216389, rs12936231 and r2305480 were associated with 

increased risk of asthma and asthma exacerbations (Tables E9-E10, Figures E4-E5).   



REFERENCES  

1.  Raaschou-Nielsen O, Sørensen M, Hertel O, Chawes BLK, Vissing N, Bønnelykke K, et 

al. Predictors of indoor fine particulate matter in infants’ bedrooms in Denmark. Environ 

Res. 2011 Jan;111(1):87–93.  

2.  Ver Hoef JM, Boveng PL. Quasi-Poisson vs. negative binomial regression: how should 

we model overdispersed count data? Ecology. 2007 Nov;88(11):2766–72.  

  



ONLINE TABLES 

Table E1. Baseline characteristics. 

 Prenatal smoking exposure 

n (%) 

No prenatal smoking exposure 

n (%) 

p-value 

n 63 (15.3) 348 (84.7)  

Male sex, n (%) 29 (46.0) 174 (50.0) 0.66 

Caucasian ethnicity, n (%) 60 (95.2) 337 (96.8) 0.79 

Cesarean section, n (%) 8 (12.7) 79 (22.7) 0.11 

Gestational age, weeks, mean (SD) 40.02 (1.60) 39.88 (1.56) 0.53 

Birth length, cm, mean (SD) 51.40 (2.51) 52.46 (2.24) 0.002 

Birth weight, kg, mean (SD) 3.30 (0.53) 3.56 (0.51) <0.001 

Household cat at birth, n (%) 18 (30.0) 43 (12.8) 0.001 

Household dog at birth, n (%) 11 (18.3) 44 (13.1) 0.38 

Passive smoke in childhood, n (%) 57 (100) 158 (56.2) <0.001 

Duration of exclusive breastfeeding, days, 

median [IQR] 

108 [48; 135] 122.00 [92.00; 158.25] 0.01 

Siblings living at home at birth, n (%) 20 (33.3) 141 (41.3) 0.31 

Social circumstances, PCA
a
, mean (SD) -0.36 (0.90) 0.06 (1.00) <0.01 

Age at start of daycare, days, median [IQR] 312.07 [202.58; 429.79] 350.40 [259.15; 439.82] 0.10 

Neonatal FEV0.5, mL mean (SD) 61.95 (9.63) 66.73 (13.35) <0.01 

Neonatal FEF50, mL/s, mean (SD) 192.49 (58.28) 196.27 (55.13) 0.62 

Neonatal PD15, µmol, median [IQR] 0.25 [0.11; 0.68] 0.32 [0.11; 0.88] 0.28 
a
PCA = Principle component analysis (including household income, mothers’ education level and mothers’ age). 

 

 

  



Table E2. Cox regression for asthma and exacerbations adjusted for passive smoke in childhood, PM2.5, black smoke and mothers’ sensitization. 

 Analysis adjusted for confounders 

and passive smoke in childhood
a
 

(95% CI), p-value 

Analysis adjusted for confounders, 

PM2.5 and black smoke
b 

(95% CI), p-value 

Analysis adjusted for confounders 

and mothers´ sensitization
c 

(95% CI), p-value 

Asthma 0-7 years  aHR 5.00 (2.06; 12.1), p<0.001 aHR 2.97 (1.43; 6.16), p<0.01 aHR 2.11 (1.16; 3.82), p=0.01 

Exacerbations 0-7 years aHR 6.54 (2.46; 17.3), p<0.001 aHR 3.01 (1.38; 6.59), p<0.01 aHR 3.84 (2.09; 7.06), p<0.001 

a
aHR (adjusted hazard ratio) computed by cox regression, adjusted for: Caesarean section, siblings living at home at birth, duration of exclusive 

breastfeeding, age at start of daycare, social circumstances score, household cat at birth and passive smoke in childhood.
 

b
aHR (adjusted hazard ratio) computed by cox regression, adjusted for: Caesarean section, siblings living at home at birth, duration of exclusive 

breastfeeding, age at start of daycare, social circumstances score, household cat at birth, PM2.5 and black smoke. PM2.5 and black smoke were 

log-transformed. 
 

c
aHR (adjusted hazard ratio) computed by cox regression, adjusted for: Caesarean section, siblings living at home at birth, duration of exclusive 

breastfeeding, age at start of daycare, social circumstances score, household cat at birth and mothers´ sensitization. 

 

 

  



Table E3. Prenatal tobacco exposure and asthma and exacerbations during childhood. 

 Risk of asthma 0-7 years (95% 

CI), p-value 

Risk of asthma exacerbations 0-7 years 

(95% CI), p-value 

Cotinine in dry blood spots after birth
a 

HR
b
 1.18 (1.01; 1.37), p=0.03 HR

b
 1.25 (1.07; 1.47), p<0.01 

Nicotine in hair at 1 year
a
 HR

b
 1.06 (0.95; 1.18), p=0.31 HR

b
 1.18 (1.05; 1.32), p<0.01 

a
Log transformed for normalization.  

b
HR (hazard ratio) per log2 fold increase computed by cox regression.  

 

Table E4. Prenatal tobacco exposure and persistent vs. transient asthma, allergic vs. non-allergic asthma and T2-high vs. T2-low asthma 

Characteristic % (n cases/all) Estimate
a
 (95% CI) p-value 

Persistent and transient asthma 

Persistent vs. transient asthma 
All with asthma 

(N=76) 

Persistent asthma 

(n=47) 

Transient asthma 

(n=29) 
  

Smoking during 3
rd

 trimester 19.7% (15/76) 19.1% (9/47) 20.7% (6/29) OR 0.91 (0.29; 3.02) 0.87 

 

Persistent asthma vs. no asthma 
All children 

(N=277) 

Persistent asthma 

(n=47) 

No asthma  

(n=230) 

  

Smoking during 3
rd

 trimester 12.3% (34/277) 19.1% (9/47) 10.9% (25/230) OR 1.94 (0.80; 4.36) 0.12 

 

Transient asthma vs. no asthma 
All children 

(N=259) 

Transient asthma 

(n=29) 

No asthma  

(n=230) 

  

Smoking during 3
rd

 trimester 12.0% (31/259) 20.7% (6/29) 10.9% (25/230) OR 2.14 (0.74; 5.49) 0.13 

Allergic and non-allergic asthma 

Allergic vs. non-allergic asthma 
All with asthma 

(N=45) 

Allergic asthma  

(n=17) 

Non-allergic asthma 

(n=28) 
  

Smoking during 3
rd

 trimester 20.0 % (9/45) 17.6% (3/17) 21.4% (6/28) OR 0.79 (0.15; 3.51) 0.76 

Allergic asthma vs. no asthma All children 

(N=253) 

Allergic asthma 

(n=17) 

No asthma  

(n=236) 

  

Smoking during 3
rd

 trimester 11.9% (30/253) 17.6% (3/17) 11.4% (27/236) OR 1.66 (0.37; 5.49) 0.45 



Non-allergic asthma vs. no 

asthma 

All children 

(N=264) 

Non-allergic asthma 

(n=28) 

No asthma  

(n=236) 

  

Smoking during 3
rd

 trimester 12.5% (33/264) 21.4% (6/28) 11.4% (27/236) OR 2.11 (0.73; 5.41) 0.14 

T2-high and T2-low asthma 

T2-high vs. T2-low asthma 
All with asthma 

(N=41) 

T2-high asthma  

(n=27) 

T2-low asthma 

(n=14) 
  

Smoking during 3
rd

 trimester 19.5% (8/41) 18.5% (5/27) 21.4% (3/14) OR 0.83 (0.17; 4.66) 0.82 

T2-high asthma vs. no asthma All children 

(N=316) 

T2-high asthma 

(n=27) 

No asthma  

(n=289) 

  

Smoking during 3
rd

 trimester 13.6% (43/316) 18.5% (5/27) 13.1% (38/289) OR 1.50 (0.48; 3.92) 0.44 

T2-low asthma vs. no asthma 
 

All children 

(N=303) 

T2-low asthma  

(n=14) 

No asthma  

(n=289) 

  

Smoking during 3
rd

 trimester 13.5% (41/303) 21.4% (3/14) 13.1% (38/289) OR 1.80 (0.39; 6.09) 0.38 
a
OR (odds ratio) computed by logistic regression. 

 

Table E5. FEV1, MMEF and PD20 adjusted for confounders and neonatal lung function. 

 N Tobacco exposure 3rd trimester Estimate
a
 (95% CI), p-value Adjusted analysis

b 

Yes  No  

FEV1, L, mean (SD) 311 1.40 (0.17) 1.45 (0.19) MD -0.05 (-0.11; +0.01), p=0.11 MD -0.06 (-0.12; +0.002), p=0.06 

MMEF, L/s, mean (SD) 308 1.70 (0.41) 1.83 (0.46) MD -0.13 (-0.27; +0.02), p=0.09 MD -0.19 (-0.34; -0.05), p<0.01 

PD20, µmol, geometric mean 

(estimate=geometric mean ratio)  

248 0.77 1.27 GMR 0.61 (0.35; 1.04), p=0.07 GMR 0.47 (0.26; 0.86), p=0.01 

a
MD (mean difference) computed by linear regression for continuous outcomes, GMR (geometric mean ratio) computed by linear regression for log-

transformed continuous outcomes. 

b
Adjusted for: Caesarean section, siblings living at home at birth, duration of exclusive breastfeeding, age at start of daycare, social 

circumstances score, household cat at birth and neonatal lung function (FEV0.5, FEF50, PD15).  

  



Table E6. Cotinine in dry blood spots after birth and nicotine in hair at 1 year and risk of asthma and exacerbations by 7 years of age depending 

on 17q12-21 (rs7216389) genotype. 

a
Log transformed for normalization. 

b
HR (hazard ratio) per log2 fold increase computed by cox regression.  

c
P interaction between prenatal tobacco exposure and risk allele on the risk of asthma and exacerbations. 

 

 

 

 

 

 

 

 

 

SNP 

Genotype Risk of asthma 

HR
b
 (95% CI) 

P  P interaction 

per risk 

allele
c 

Risk of exacerbations 

HR
b
 (95% CI) 

P  P interaction 

per risk 

allele
c 

Cotinine
a
 in dry blood spots after birth 

Rs7216389 

(n=371) 

TT  

CT  

CC  

HR 1.10 (0.86-1.41) 

HR 1.21 (0.97-1.51) 

HR 1.39 (0.96-2.01) 

0.44  

0.09 

0.08 

 

0.27 

HR 1.23 (0.97-1.55) 

HR 1.23 (0.96-1.57) 

HR 1.82 (1.15-2.89) 

0.09 

0.11 

0.01 

 

0.27 

Nicotine
a
 in hair, 1 year 

Rs7216389 

(n=365) 

TT  

CT  

CC  

HR 1.01 (0.84-1.21) 

HR 1.07 (0.90-1.26) 

HR 1.14 (0.91-1.43) 

0.93 

0.46 

0.26 

 

0.32 

HR 1.16 (0.98-1.38) 

HR 1.17 (0.97-1.42) 

HR 1.40 (1.03-1.90) 

0.09 

0.10 

0.03 

 

0.30 



Table E7: Prenatal tobacco exposure and risk of asthma endpoints by 17q12-21 (rs12936231 and rs2305480) genotype. 

 Rs12936231 genotype Rs2305480 genotype 

Outcome Genotype CC 

Estimate
a
  

(95% CI), p-

value 

Genotype GC 

Estimate
a 

(95% CI), p-

value 

Genotype GG 

Estimate
a 

(95% CI), p-

value 

P 

interaction 

per risk 

allele
b 

Genotype GG 

Estimate
a
  

(95% CI), p-

value 

Genotype AG 

Estimate
a 

(95% CI), p-

value 

Genotype AA 

Estimate
a 

(95% CI), p-

value 

P 

interaction 

per risk 

allele
b 

Asthma 0-7 years, 

HR 

HR 0.96 (0.33; 

2.84), p=0.94 

HR 1.14 (0.40; 

3.29), p=0.81 

HR 6.48 (1.89; 

22.2), p<0.01 

0.03 HR 1.05 (0.40; 

2.77), p=0.92 

HR 1.47 (0.50; 

4.28), p=0.48 

HR 4.71 (1.18; 

18.8), p<0.01 

0.10 

Asthma at age 7 

years vs never 

asthma, OR 

OR 1.04 (0.15; 

4.89), p=0.96 

OR 2.27 (0.57; 

7.90), p=0.21 

OR 6.33 (0.73; 

46.5), p=0.07 

0.16 OR 1.36 (0.28; 

5.28), p=0.67 

OR 2.94 (0.72; 

10.6), p=0.11 

OR 2.80 (0.13; 

27.4), p=0.41 

0.47 

Exacerbations 0-7 

years, HR 

HR 2.69 (1.15; 

6.30), p=0.02 

HR 1.15 (0.34; 

3.92), p=0.82 

HR 13.6 (3.35; 

55.0), p<0.001 

0.30 HR 2.30 (10.1; 

5.22), p=0.047 

HR 2.18 (0.72; 

6.64), p=0.17 

HR 8.69 (1.92; 

39.3), p<0.01 

0.27 

Number of 

exacerbations 0-7 

years, IRR 

IRR 1.85 (0.35; 

7.01), p=0.40 

IRR 1.02 (0.09; 

4.76), p=0.98 

IRR 8.08 (0.82; 

70.9), p=0.049 

0.39 IRR 1.51 (0.32; 

5.14), p=0.55 

IRR 2.20 (0.29; 

9.41), p=0.35 

IRR 4.76 (0.28; 

47.4), p=0.19 

0.40 

Number of LRTI 0-3 

years, IRR 

IRR 1.57 (0.88-

2.67), p=0.11 

IRR 2.13 (1.23-

3.48), p<0.01 

IRR 2.08 (0.74-

4.82), p=0.12 

0.42 IRR 1.65 (0.99-

2.64), p=0.047 

IRR 2.24 (1.21-

3.86), p<0.01 

IRR 2.00 (0.70-

4.72), p=0.15 

0.53 

FEV1 at age 7 years, 

L, MD 

MD -0.07 (-0.19; 

+0.04), p=0.21 

MD -0.08 (-0.18; 

+0.02), p=0.12 

MD +0.03 (-0.13; 

+0.20), p=0.69 

0.32 MD -0.09 (-0.21; 

+0.02), p=0.12 

MD -0.06 (-0.15; 

+0.03), p=0.21 

MD +0.04 (-0.14; 

+0.23), p=0.64 

0.23 

MMEF at age 7 

years, L/s, MD 

MD -0.09 (-0.35; 

+0.17), p=0.47 

MD -0.14 (-0.38; 

+0.09), p=0.23 

MD -0.15 (-0.59; 

+0.30), p=0.52 

0.80 MD -0.12 (-0.37; 

+0.14), p=0.36 

MD -0.18 (-0.43; 

+0.06), p=0.15 

MD -0.05 (-0.52; 

+0.43), p=0.85 

0.92 

PD20 at age 6,5 

years, geometric 

mean ratio 

GMR 0.64 (0.23; 

1.78), p=0.39 

GMR 0.68 (0.24; 

1.89), p=0.45 

GMR 0.43 (0.12; 

1.51), p=0.18 

0.65 GMR 0.61 (0.22; 

1.67), p=0.33 

GMR 0.62 (0.24; 

1.63), p=0.33 

GMR 0.49 (0.12; 

2.10), p=0.33 

0.82 

a
HR (hazard ratio) computed by cox regression for age at onset outcomes, MD (mean difference) computed by linear regression for continuous outcomes, 

GMR (geometric mean ratio) computed by linear regression for log-transformed continuous outcomes, IRR (incidence rate ratio) computed by Quasi-Poisson 

regression for count outcomes, OR (odds ratio) computed by logistic regression for binary outcomes. 

b
P interaction between prenatal tobacco exposure and risk allele on the risk of different outcomes. 

 

 



Table E8. Cox analysis for asthma and exacerbations adjusted for household cat at birth. 

 

 

 

 

 

a
HR (hazard ratio) computed by cox regression adjusted for household cat at birth 

 

Table E9: 17q12-21 (rs7216389, rs12936231, rs2305480) genotype and risk of asthma during childhood. 

 

a
HR (hazard ratio) computed by cox regression. 

 Genotype Risk of asthma: 

Smoke 3rd trimester vs 

not smoke, 

aHR
a
 (95% CI) 

P  Risk of exacerbations: 

Smoke 3rd trimester vs 

not smoke, 

HR
a
 (95% CI) 

P  

Rs7216389 

(n=388) 

TT  

CT  

CC  

NA 

aHR 1.57 (0.62-4.00) 

aHR 4.82 (1.59-14.6) 

 

0.34 

<0.01  

aHR 3.16 (1.43-6.96) 

aHR 2.43 (0.90-6.52) 

aHR 6.49 (1.69-25.00) 

<0.01 

0.08 

< 0.01 

SNP  Genotype  

(n, frequency)  
Healthy 

individuals, 

n (%)  

Asthma  

0-7 year,  

n (%) 

Risk 

allele/ 

type 

HR
a
 per risk 

allele:  

All (95% CI) 

P  HR
a
 per Genotype:  

All (95% CI) 

P 

Rs7216389 

(n=388) 

 

TT (114) 

CT (186) 

CC (88) 

(n=316) 

85 (74,6) 

157 (84,4) 

74 (84,1) 

(n=72) 

29 (25,4) 

29 (15,6) 

14 (15,9) 

 

 

T 

 

1.42  

(1.02-1.97) 

 

 

0.04 

 

HR 1.83 (0.96-3.46) 

HR 1.02 (0.54-1.94) 

ref 

 

0.06 

0.94 

Rs12936231 

(n=358) 

 

CC (95) 

GC (173) 

GG (90) 

(n=297) 

73 (76,8) 

145 (83,8) 

79 (87,8) 

(n=61)  

22 (23,2) 

28 (16,2) 

11 (12,2) 

 

C 

 

1.41 

(0.99-2.01) 

 

 

0.06 

 

HR 1.98 (0.96-4.09) 

HR 1.38 (0.69-2.78) 

ref 

 

0.06 

0.36 

 

Rs2305480 

(n=358) 

 

GG (118) 

AG (171) 

AA (69) 

(n=297) 

91 (77,1) 

146 (85,4) 

60 (87) 

(n=61)  

27 (22,9) 

25 (14,6) 

9 (13) 

 

G 

 

1.45  

(1.00-2.10) 

 

 

<0.05 

(0.048) 

 

HR 1.91 (0.90-4.06) 

HR 1.15 (0.54-2.46) 

ref 

 

0.09 

0.72 



 

Table E10: 17q12-21 (rs7216389, rs12936231, rs2305480) genotype and risk of exacerbations during childhood. 

 

 

 

 

 

 

 

 

 

a
HR (hazard ratio) computed by cox regression. 

 

SNP  Genotype  

(n, frequency)  
Healthy 

individuals, n 

(%) (n=) 

Exacerbations 

0-7 year,  

n (%)  

Risk 

allele 

HR
a
 per risk 

allele:  

All (95% CI) 

P  HR
a
 per genotype:  

All (95% CI) 

P 

Rs7216389 

(n=388) 

 

TT (114) 

CT (186) 

CC (88) 

(n=327) 

84 (73,7) 

164 (88,2) 

79 (89,8) 

(n=61) 

30 (26,3) 

22 (11,8) 

 9 (10,2) 

 

 

T 

 

1.90  

(1.31-2.76) 

 

 

<0.001 

 

HR 2.97 (1.41-6.26) 

HR 1.22 (0.56-2.65) 

ref 

 

<0.01 

0.61 

Rs12936231 

(n=358) 

 

CC (95) 

GC (173) 

GG (90) 

(n=305) 

71 (74,7) 

152 (87,9) 

82 (91,1) 

 (n=53) 

24 (25,3) 

21 (12,1) 

 8 (88,9) 

 

 

C 

 

1.88  

(1.27-2.79) 

 

 

<0.01 

 

HR 3.17 (1.42-7.05) 

HR 1.43 (0.63-3.23) 

ref 

 

<0.01 

0.39 

Rs2305480 

(n=358) 

 

GG (118) 

AG (171) 

AA (69) 

(n=305) 

90 (76,3) 

153 (89,5) 

62 (89,9) 

(n=53) 

28 (23,7) 

18 (10,5) 

7 (10,1) 

 

 

G 

 

1.86 

(1.23-2.81) 

 

 

 

<0.01 

 

HR 2.62 (1.14-6.00) 

HR 1.06 (0.44-2.54) 

ref 

 

0.02 

0.90 



FIGURE LEGENDS 

 

Figure E1. Plots showing the correlation between tobacco exposure in 3
rd

 trimester and 

cotinine in dry blood spot (a), nicotine in hair at age 1 year (b) and correlation between 

nicotine in hair at age 1 year and cotinine in dry blood spot (c). 

  



 

Figure E2. Kaplan Meier curve showing risk of asthma during the first 7 years of life for 

children with high versus low cotinine in dry blood spot. 

  



 

Figure E3. Kaplan Meier curve showing risk of exacerbations during the first 7 years of life 

for children with high versus low cotinine in dry blood spot. 

  



 

Figure E4. Kaplan Meier curve showing risk of asthma during the first 7 years of life for 

children with different 17q12-21 (rs7216389) genotypes. 

  



 

Figure E5. Kaplan Meier curve showing risk of exacerbations during the first 7 years of life 

for children with different 17q12-21 (rs7216389) genotypes. 

 

 


