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ABSTRACT
Background: Early respiratory tract infections are associated with later asthma and this observation has led to a focus on a potential causal role of specific respiratory viruses, such as rhinoviruses (RV) and respiratory syncytial virus (RSV), in asthma development. However, many respiratory viruses and bacteria trigger similar respiratory symptoms, and it is possible that the important risk factors for asthma are the underlying susceptibility to infections and the exaggerated reaction to such triggers rather than the particular triggering agent. 
Objective: To study the association between specific infections in early life and development of asthma later in childhood.
Methods: 313 children were followed prospectively in the Copenhagen Prospective Studies of Asthma in Childhood (COPSAC) 2000 high-risk birth cohort. Nine respiratory virus types (RSV, RV, other picornaviruses, coronaviruses 229E & OC43, parainfluenza viruses 1-3, influenza viruses, human metapneumovirus, adenoviruses, and bocavirus) and three pathogenic airway bacteria (Streptococcus pneumoniae, Haemophilus influenzae, Moraxella catarrhalis) were identified in airway secretions sampled during episodes of troublesome lung symptoms during the first three years of life. Asthma was determined by age seven.
Results: In unadjusted analyses, all viruses and pathogenic bacteria identified during episodes of troublesome lung symptoms were associated with increased risk of asthma by age seven years with similar odds ratios. After adjustment for frequency of respiratory episodes the particular triggers were no longer associated with asthma.
Conclusion: The number of respiratory episodes in the first years of life, but not the particular viral trigger, was associated with later asthma development. This suggests that future research should focus on the susceptibility and exaggerated response to respiratory infections in general, rather than the specific triggering agent.

Key messages
· Early respiratory tract infections are associated with later asthma, and this has led to a focus on a potential causal role of specific viral triggers, particularly rhinoviruses and respiratory syncytial virus.
· In this study, the number of early respiratory episodes was associated with asthma irrespective of virus type. 
· This suggests that future research should focus on the susceptibility and response to respiratory infections in general, rather than the specific triggering agent.
Capsule summary
The number of early respiratory episodes was associated with asthma irrespective of virus type or presence of pathogenic bacteria suggesting that future research should focus on the susceptibility and response to respiratory infections in general, rather than specific viral triggers.
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Introduction
It is a solid clinical observation that asthmatic children exacerbate in relation to a common cold, and viruses are more commonly found during asthma exacerbations than in the asymptomatic state.1 In addition, early life virus infections have been suspected to initiate a chronic disease trajectory leading to recurrent wheeze and asthma later in childhood, and this putative causal role in asthma development has stimulated a strong focus on the role and pathogenic mechanisms of specific viral agents.2–7 With respect to long term consequences on asthma risk, there has previously been a particular focus on respiratory syncytial virus (RSV) infection as a cause of instigating abnormal pulmonary function, wheezing, and asthma in childhood,2–6 while recently there has been a focus on the role of human rhinovirus (RV) infection in asthma development.7
However, several viral and bacterial agents can elicit similar asthmatic symptoms in young children8 and trigger asthma exacerbations in school-age.1 Furthermore, it is clear that the individual susceptibility plays an important role in the response to respiratory infections. Individuals with asthma have an altered epithelial immune response to rhinoviruses9 and are more susceptible to develop lower respiratory tract infections in relation to these.10 Also, hyper-reactive airways are a hall mark of children with asthma and we and others have shown that children who later develop asthma have increased bronchial responsiveness before any lower respiratory tract illness.11,12 
It is therefore possible that the important risk factors for asthma are the preexisting susceptibility and inflammatory response to respiratory infections in general, rather than the specific triggering agent. This is a key question for directing future research: if specific viruses confer a specific risk, then viral-specific mechanisms should be the focus. Alternatively, future research should focus on the underlying susceptibility and hyperreactivity to infections in general.
We analyzed the association between specific viruses and pathogenic bacteria detected during episodes of troublesome lung symptoms in early life and asthma status at age seven in the Copenhagen Prospective Studies on Asthma in Childhood (COPSAC) 2000 birth cohort.
Materials and Methods
Study subjects
The Copenhagen Prospective Study on Asthma in Childhood (COPSAC) is a prospective clinical birth cohort study, conducted in accordance with the Declaration of Helsinki and approved by the Copenhagen and Frederiksberg Ethics Committee (KF 01-289/96 and KF 11-107/02) and the Danish Data Protection Agency (2008-41-1754). During 1998-2001 the study enrolled 411 neonates at one month of age, born to mothers with a history of asthma, excluding children born before 36 weeks of gestation and anyone suspected of chronic diseases or lung symptoms prior to inclusion as previously described in detail13,14. 
Troublesome Lung Symptoms
Significant troublesome lung symptoms (Trolls) were recorded in daily diaries from 1 month of age until age 3 years as recently described and analysed in detail.15 Parents were taught to record their child’s symptoms with emphasis on the lower airways. Trolls were translated to the parents as any symptom significantly affecting the child’s breathing such as noisy breathing (wheeze or whistling sounds), shortness of breath or persistent troublesome cough affecting the sleep or activity of the child. Daily symptoms were recorded as composite dichotomized scores (yes/no) each day; ie, the parents were taught to make a global assessment. The complexity of symptoms was detailed in a book that was given to the parents (www.copsac.com/content/literature-parents). The diary cards were collected and reviewed by the doctors at the half-yearly clinic visits. 
Parents were encouraged to bring the children to the research clinic for an acute visit after each three-day episode of Trolls recorded in the diary. The research doctors examined the children at each acute visit in accordance with predefined standard procedures. The children received a standardised physical examination, including auscultation of the lungs. The doctor performed nasopharyngeal and hypopharyngeal aspirates under aseptic conditions with two separate soft suction catheters passed into the upper rhino-pharynx and hypo-pharynx for analysis of viruses and bacteria, respectively8.
Three consecutive days of Trolls with available virus or bacteria aspirates was the predefined base-unit of the symptom burden (episodes of Trolls) and the number of such episodes was summarized as an indicator to reflect respiratory symptom burden.15
Viruses were detected by PCR analysis of nasopharyngeal aspirate samples for respiratory syncytial virus (RSV), rhinoviruses (RV), other picornaviruses, coronaviruses 229E and OC43, parainfluenza viruses 1-3, influenza viruses AH1, AH3 and B, human metapneumovirus (HMPV), adenoviruses and bocavirus, as previously described.8 
Pathogenic airway bacteria (Streptococcus pneumoniae, Haemophilus influenzae, and Moraxella catarrhalis) were identified according to standard procedures as previously described8 and analysed as the dichotomized measure of at least one bacteria detected.
Sensitization
Sensitization was determined by skin prick test and/or determined by specific IgE measurement to any allergens at six years of age. Specific IgE levels were measured by ImmunoCAP (Phadia AB, Uppsala, Sweden)16 against cat, dog, horse, birch, timothy grass, Dermatophagoides pteronyssinus, Dermatophagoides farinae, mugwort, molds (Paspalum notatum, Cladosporium herbarium, Aspergillus fumigatus, and Alternaria alternata), egg, milk, peanut, cod, wheat, and soya bean allergens. Skin prick test was performed with cat, dog, horse, birch, timothy grass, D. pteronyssinus, D. farinae, mugwort, A. alternata, C. herbarium, egg, milk, peanut, cod, wheat, rye, beef, pork, and soya bean allergen extracts (ALK-Abelló, Copenhagen, Denmark), as well as raw egg and milk.17 Sensitization was defined as having any positive skin prick test (>3mm) or having any specific IgE >3.5 kU/L. 
Infant lung function
Infant lung function lung function was measured at 1 month of age by the rapid raised volume thoraco-abdominal compression technique as previously described.18 The forced expiratory flow at 50% of the functional vital capacity (FEF50) was used in this study since this was the measure previously shown to be most closely associated with later asthma.18
Asthma at age seven
Asthma at the age of seven was diagnosed by the doctor at the research unit in accordance with international guidelines. The burden of recurrent symptoms was quantified from an algorithm of five episodes of Trolls as defined above within six months and in need of short-acting ß2-agonists as previously described in details.13,15 The quality of symptoms was judged by the study clinician to be typical of asthma exercise-induced symptoms, prolonged nocturnal cough, persistent cough outside common cold, and symptoms causing wakening at night. Furthermore, the diagnosis required symptom improvement during a three-month trial of inhaled corticosteroids and relapse when this medication was stopped.
Confounders
Possible confounding effect were evaluated for selected risk factors with suspected relevance to risk of childhood asthma: 17q21 locus (ORMDL3) 19 and Filaggrin (FLG) genotypes,20 mothers level of education, nicotine in hair by 12 months, and father’s asthma.
Statistical analyses
Distribution of risk factors in the study population and in children excluded from the analysis was compared by chi-square for categorical variables and t-test for continuous variables. Nicotine in hair was log-transformed to obtain normal distribution. 
Children with a positive identification of a particular virus or bacteria during an infection were compared to children who never had a positive identification of this specific pathogen, either because their aspirates were never positive for that particular pathogen or because they were never ill enough to have nasopharyngeal suction performed in the first 3 years of life. Associations between each specific virus or bacteria and asthma at age 7 were investigated with logistic regression. Subsequently we adjusted for the child’s total number of episodes of Trolls with an available sample for virus or bacteria to obtain the specific trigger effect adjusted for general infection susceptibility. 
Possible interaction with allergic sensitization and infant lung function was investigated by including the interaction term in the regression analysis.
A significance level of 0.05 was used in all types of analyses. All analyses were conducted  in SAS version 9.3 for Windows (SAS Institute Inc, Cary, NC, USA). 
Results
Study Base 
The COPSAC birth cohort included 411 new-borns. This study analysed those 313 children with complete follow-up in the first three years of life (66 children missing) and known asthma status at seven years of age (32 children missing) (Figure 1).
Children in the study group and excluded children did not differ with respect to 17q21 locus  and FLG genotypes; mothers level of education, or nicotine in hair by 12 months, but father’s asthma was more prevalent in the study group than the excluded group (20 % versus 7 %, p=0.0022).
Symptom burden 
The majority of children had between one and five episodes of Trolls; 10% never reported Trolls in their diary cards, and 30% had Trolls in the diary card but were not seen at the clinic, hence had no virus aspirate taken. These children were assumed not to have had any clinically significant episode of Trolls. 
In total, 228 (%) of the 313 children had at least one episode of Trolls with a virus or bacteria aspirate taken. 
Prevalence of viruses and bacteria 
A total of 650 virus aspirates were collected. Viruses were identified in 423 of 650 samples (65%). RVs were most frequent, found in 147 samples (23%), followed by RSV in 124 samples (19%) and coronaviruses in 79 samples (12%). 184 children had at least one identifiable virus; 106 had several viruses, some on several occasions.
A total of 614 bacteria aspirates were collected. Bacteria were identified in 533 (87%) of these. S. pneumonia was found in 295 samples (48%), H. influenzae,was found in 275 samples (45%) and M. catarrhalis was found in 304 samples (50%). 206 children had at least one identifiable pathogenic bacteria; 132 had several.
Asthma Prevalence
The asthma prevalence by age seven was 15% (46 of 313). 30% of the children with asthma and 17% of children without asthma were sensitized to one or more allergens at six years of age (p=0.052).
Risk of asthma in relation to respiratory infections 
Simple logistic regression analyses showed that children with RV were at significantly greater risk of asthma at age seven compared to subjects never having RV (OR 2.58 [1.36-4.89]; p=0.0037). The risk of asthma was similarly increased in children with RSV (OR 2.69 [1.43-5.09]; p=0.0023); coronavirus (OR 3.14 [1.59-6.22]; p=0.0010), other viruses (OR 3.88 [2.01-7.49]; p<0.0001), or pathogenic bacteria (table 1). Having an episode of Trolls without any virus detected was also a significant risk factor for asthma at age 7 (OR 3.62 [1.82-7.20]; p=0.0002) (not in table). Also the simple number of episodes of Trolls per child was significantly associated with developing asthma (OR 1.43 [1.26-1.63]; p<0.0001), table 1.
There was no significant risk from any of the viruses or bacteria when the simple association analyses were adjusted for the child’s total number of episodes of Trolls, (Table 1 and Figure 2) while the association between the number of episodes of Trolls and asthma remained significant after adjustment for any positive virus or bacteria aspirate (OR 1.39 [1.21-1.59]; p<0.0001), table 1.

Analysing number of episodes with specific virus types and bacteria gave similar results (Table 2). The effect estimate was similar for the different triggers in the unadjusted analyses, and in the multivariable model including both numbers of the specific infection and the total number of Trolls, only the number of Trolls remained significantly associated with asthma.
Limiting the analysis to the events in the first year of life (Online Table E-1) or to children having at least episode of Trolls in the first 3 years of life (Online Table E-2) did not change the conclusions. 
The associations between specific infections and asthma were largely unchanged after adjustment for sensitization at age six or infant lung function (data not shown). We further tested if sensitization or infant lung function modified the association between specific infections and later asthma. There were some trends of stronger association between specific viral infections and asthma in some strata, including a stronger association for RSV in children with lower infant lung function and an opposite tendency for RSV and corona virus. However, overall there was no statistical evidence of effect modification (all interaction p-values were >.12) (Online Table E-3). 
DISCUSSION
Simple association analyses showed association between common respiratory viruses and later development of asthma but with no differences in risk between the most common virus types (RV, RSV and coronavirus). There was no significant risk of school age asthma from any virus or pathogenic bacteria when adjusting for the number of respiratory episodes. That is, for a given burden of acute respiratory episodes it did not matter if any of these, or how many of these, were related to a particular trigger. This suggests that the most important risk factor for later development of asthma is the number of acute respiratory episodes rather that the specific viral trigger. 
Strengths of the Study 
The major strength of the COPSAC study is the meticulous prospective clinical monitoring, diagnosing, and treating lung symptoms based on standard operating procedures. The birth cohort was followed prospectively with diary cards and six-monthly routine visits (three-monthly for children diagnosed with asthma). In addition, the child attended the clinic for episodes of Trolls, which was part of the nested randomized controlled trial of inhaled corticosteroids, showing no clinical effect compared to placebo21. At each visit the child was seen by the research doctor at the dedicated research clinic where full clinical work-up was performed, including objective assessment of the respiratory status of the child and aspirates for microbiology.
The base-unit of symptom burden was defined as three-day episodes of Trolls (troublesome lung symptoms significantly affecting the wellbeing of the child, excluding croup) and having information on virus. We avoided the use of specific terms such as wheeze, which we have demonstrated has a very low sensitivity to asthma.15,22,23 This base-unit was defined objectively from diary cards, which we have previously found to be the more sensitive measure of asthma propensity with a closer association to known risk factors of asthma such as 17q21 locus genotypes than the traditional temporal categories.15,24 
When investigating any specific virus we chose to include all other clinically assessed episodes of Trolls in the comparison group, i.e. the non-exposed group include children exacerbating with other triggers than the case trigger. This was a conservative approach. If we had used the group of children with no respiratory infections ever, this would only have boosted the unadjusted odds ratios, but would not affect the result of the adjustment for recurrent episodes of Trolls.
Asthma diagnosis followed a standardized algorithm based on the recorded symptom severity and including request for improvement on treatment and relapse off treatment, as well as a clinical history compatible with asthma as judged by the study physician.
Limitations of the study
We presume that children active in the cohort, but without clinic visits for episodes of Trolls in the first three life years did not have clinically significant episodes of Trolls. This introduces a possible bias against the null hypothesis, i.e. if this control group indeed had similar symptomatic episodes this would reduce the contrast between two groups and reduce the risk estimates of asthma. Furthermore, it did not change the conclusions if we excluded children not attending the clinic for episodes of Trolls from the comparator group, i.e. we found similar conclusions when we limited the analyses to the 228 children presenting to the clinic with episodes.
Due to the size of the study, we had limited statistical power to detect effect modification by allergic sensitization.
Similar to previous studies on this subject, this is an observational study and we therefore cannot draw conclusions about any potential causal effects of virus infections on asthma risk. 
The external validity of this study is limited by the high-risk nature of the cohort. Still, this is unlikely to affect the distribution of virus types or the risk of asthma between them. 
Interpretation
Our study suggests that the specific microbial trigger is not important for the risk of later development of asthma. This directs future research towards studies of individual susceptibility and inflammatory consequences of respiratory infections in general. 
Our findings contrast previous reports from another birth cohort study finding that acute respiratory episodes with detection of RV infection were more strongly associated with later asthma than episodes with detection of RSV.7 However, those data are from a relatively small study and the very high risk estimates observed for RV are associated with considerable statistical uncertainty as evidenced by the wide confidence intervals. Another birth cohort study reported, in line with our findings, that respiratory infections with RSV and RV in the first year of life were associated with wheeze and asthma by age 5 years with no statistically significant difference between the 2 viruses.25 We have previously shown that pathogenic bacteria are associated with wheezing episodes in young children8 but, similar to our finding for viruses, it did not seem to determine the long term course of asthma if the episodes were triggered by bacteria. None of the previous studies of viral infections analyzed the presence of pathogenic bacteria.  
Our study relates to the ongoing debate of early viral infections being either causative for asthma or merely a marker of the underlying asthma constitution, or perhaps both. There is a significant body of work published on the association between particularly RSV2–6 and more recently RV7 and later development of asthma. On the other hand, predisposition to asthma was associated with increased risk of lower respiratory tract infection and RSV bronchiolitis, the intermediary phenotype associated with asthma.26 Furthermore, early wheezy symptoms were found to be a strong risk factor for subsequent RSV-hospitalization.27 We recently demonstrated that children developing acute severe virus bronchiolitis were born with increased bronchial responsiveness compared to children not developing bronchiolitis,28 and allergic sensitization was a risk factor for RV-induced wheezing.29 A differential risk from different virus types during acute episodes could be interpreted in support of a causal effect from certain viruses. However, our study did not support this observation. Similar to other observational studies, we cannot draw any conclusions on causality of early respiratory infections on later asthma from this study. It is plausible that early respiratory infections interacts with genetic susceptibility to asthma and initiates a trajectory towards asthma. It has been reported that timing of birth in relation to the yearly peak in respiratory viral infections was associated with later asthma in support of a causal role of early infections.30 A causal role can only be proven in interventional studies showing that removing the virus or preventing infection changes the risk of subsequent asthma. A recent randomized trial of monoclonal antibodies against RSV demonstrated a protective effect against wheeze in the first year of life, also after the end of treatment, and further follow-up will provide information on the causal role of early RSV infection on asthma.31 Our results showing a non-differential response to different viral infections would suggest that a potential causal effect on asthma would not be restricted to RSV infections. 
Genetic studies may help understanding the effects of environmental exposures. An interaction between early respiratory infections and the asthma locus at chromosome 17q21 was recently reported from the COPSAC and COAST birth cohorts.32 This locus seemed primarily to be associated with increased susceptibility to respiratory episodes triggered by RV infection. Future studies must show if genetics can improve our understanding on the relationship between early infections and asthma. 
Conclusion
Our study suggests that the number of early respiratory episodes, but not the specific viral trigger, is associated with development of school age asthma. Particularly, we saw no difference in asthma risk associated with RV or RSV. This suggests that the susceptibility and response to early respiratory infections in general, rather than the specific triggering agent should be the target of future research.
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Table 1. Risk of asthma by age seven in relation to respiratory infections within the first three years of life. 
	
	No. of children with virus/
No. of children with no virus
	Unadjusted
OR [95% CI];  p-value
	Adjusted for episodes of Trolls
OR [95% CI];  p-value

	 RV
	92/221
	2.58 [1.36 - 4.89]; p=0.004
	0.63 [0.27 - 1.51]; p=0.30

	 RSV
	101/212
	2.69 [1.42 - 5.09]; p=0.002
	1.01 [0.47 - 2.16]; p=0.99

	 Corona
	59/254
	3.14 [1.59 - 6.22]; p=0.001
	1.30 [0.58 - 2.91]; p=0.52

	 Other virus
	117/196
	3.88 [2.01 - 7.49]; p<0.001
	1.33 [0.58 - 3.05]; p=0.49

	 Any virus
	184/129
	3.94 [1.77 - 8.76]; p<0.001
	1.09 [0.40 - 2.99]; p=0.86

	 Any pathogenic bacteria 
	206/107
	5.07 [1.94 - 13.25]; p<0.001
	1.06 [0.12 - 9.17]; p=0.96

	
	No. of children with and without any episodes (clinic visit)
	Unadjusted
OR [95% CI];  p-value
	Adjusted for any virus/ bacteria infection.
OR [95% CI];  p-value

	Episodes of Trolls (ANY)
	228/85
	1.43 [1.26-1.61]; p<0.001
	1.39 [1.21-1.59]; p<0.001
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Table 2. Risk of asthma by age seven in relation to number of respiratory infections within the first three years of life.

	
	Effect of number of episodes with a specific agent
Unadjusted

OR [95% CI];  p-value
	Effect of number of episodes with a specific agent 
Adjusted for episodes of Trolls

OR [95% CI];  p-value
	Effect of Trolls
Adjusted for number of episodes with each agent


OR [95% CI];  p-value

	RV
	1.94 [1.43 - 2.62]; p<0.001
	0.89 [0.56 - 1.4]; p=0.60
	1.47 [1.24 - 1.74]; p<0.001

	RSV
	1.98 [1.31 - 3.01]; p=0.002
	0.94 [0.55 - 1.59]; p=0.81
	1.44 [1.25 - 1.65]; p<0.001

	Corona
	2.14 [1.40 - 3.27]; p<0.001
	1.19 [0.73 - 1.94]; p=0.49
	1.40 [1.22 - 1.60]; p<0.001

	Other virus
	1.81 [1.35 - 2.43]; p<0.001
	0.97 [0.65 - 1.42]; p=0.86
	1.44 [1.23 - 1.68]; p<0.001

	Any virus
	1.63 [1.36 - 1.95]; p<0.001
	1.09 [0.75 - 1.58]; p=0.65
	1.36 [1.06 - 1.74]; p=0.016

	Any pathogenic bacteria
	1.57 [1.34 - 1.84]; p<0.001
	1.15 [0.83 - 1.61]; p=0.39
	1.30 [1.01 - 1.66]; p=0.040




Figure legends 
Figure 1. Flow chart for the study population.

Figure 2. Risk of asthma at age seven in relation to viral or bacterial infection in the first 3 years of life. Grey squares: crude Odds Ratio with 95% Confidence Intervals. Black squares: adjusted Odds Ratio (adjusted for the child’s total number of episodes of TROLLS where an aspirate was taken).


